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Abstract 
Electrospinning has been proven as a highly versatile fabrication method for producing nano-
structured fibres with controllable morphology, of both the fibres themselves and the void 
structure of the mats. Additionally, it is possible to use heteroatom doped polymers or to 
include catalytic precursors in the electrospinning solution to control the surface properties of 
the fibres. These factors make it an ideal method for the production of electrodes and flow 
media for a variety of electrochemical devices, enabling reduction in mass transport and 
activation overpotentials and therefore increasing efficiency. Moreover, the use of biomass as 
a polymer source has recently gained attention for the ability to embed sustainable principles 
in the materials of electrochemical devices, complementing their ability to allow an increase in 
the use of renewable electricity via their application. In this review, the historical and recent 
developments of electrospun materials for application in redox flow batteries, fuel cells, metal 
air batteries and supercapacitors are thoroughly reviewed, including an overview of the 
electrospinning process and a guide to best practice. Finally, we provide an outlook for the 
emerging use of this process in the field of electrochemical energy devices with the hope that 
the combination of tailored microstructure, surface functionality and computer modelling will 
herald a new era of bespoke functional materials that can significantly improve the performance 
of the devices in which they are used. 
Keywords: Electrospinning; Redox flow batteries; Fuel cells; Metal-air batteries; 
Supercapacitors. 
Highlights 
• A comprehensive review of electrospinning for selected electrochemical devices 
• Electrospinning maximises surface area and controls mass transport in redox flow 
batteries 
• Advanced gas diffusion layers can be manufactured for fuel cells and metal air 
batteries 
• Electrospinning can anchor catalysts and have intrinsic activity via heteroatom doping 
• High surface area and controlled porosity show promise for supercapacitors 
• Use of biomass precursors provides a route for sustainable electrospinning 
• This review provides best practice and detailed perspectives for the field 
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Electrospinning is a highly versatile technique for generating nano-fibrous materials for a wide 
variety of applications. Using a large bias voltage, a wide range of polymers can be drawn out 
and ‘spun’ onto a collector, producing fibres with diameters less than 1 µm. Though the process 
of electrospinning can be traced back to patents from the early 1900s [1] and was theoretically 
described in the 1960s by Geoffrey Taylor [2], it is in recent years that the ability to produce 
controllable nanofibers has attracted increased interest in the area of nanotechnology, with 
widespread use in the areas of filtration [3], membranes for water treatment [4] and textiles [5]. 
In particular, the similarity of the structures produced via electrospinning to the fibrous 
extracellular matrices of human tissue has meant that the field of medicine has been one of the 
earliest and most extensive adopters of the technique [6], finding application in the areas of 
tissue engineering [7], regenerative dentistry [8] and drug delivery [9]. 
A major area where fibrous porous media plays a significant role is in renewable energy, and 
in particular electrochemical energy storage and conversion devices. With increasing focus on 
electrification of industrial, domestic and transport sectors using renewables as a route to 
decarbonisation, commercialisation of electrochemical devices such as batteries and fuel cells 
is vital, and there is increasing recognition of the need for advanced methods of electrochemical 
engineering [10]. In order to operate, electrochemical devices normally require a so-called 
‘triple-phase boundary’, a nexus of electron transfer, reactant mass transport and electrolyte, to 
exist that allows the electrochemical reaction to occur. For this reason, carbonaceous porous 
media are ideal materials for many key structures in these devices, allowing good conductivity 
of electrons as well as high porosity, leading to effective transport of gaseous or solution-phase 
reactants to the surface of the structures. As well as optimising these properties, modification 
of the surface of carbons via heteroatom dopants or nanoparticles can assist in catalysing many 
electrochemical reactions in order to improve their performance. Therefore, in recent years, 
electrospinning has been highlighted as a key technology for electrochemical energy storage 
and conversion devices as a way to produce optimised microstructures to control mass transport 
and surface reactivity.  
In this review, a brief methodology of the electrospinning process, including best practice 
principles, is given before focussing on four key technologies where conductive fibrous media 
are employed: redox flow batteries, low-temperature fuel cells, metal-air batteries and 
supercapacitors. Though there are many other technologies where electrospinning can play a 
role, including solar cells [11] and solid oxide fuel cells [12], the scope of this review is limited 
to carbon-based fibres for low-temperature devices for which mass transport is vital (flow 
batteries, fuel cells and metal-air batteries), as well as a recent perspective on the growing 
interest in the use of biomass sources for electrospun fibres for supercapacitors. Specifically, 
we do not cover electrospinning as a route to electrode materials that involve dimensional 
change; for example, with intercalation reactions in lithium-ion batteries, and the reader is 
directed to the recent reviews on the use of electrospinning in secondary batteries from Jung et 
al. [13], alkali metal batteries from Ilango and Peng [14] and from Santangelo that has an 
extensive section on lithium-ion batteries [15]. In addition, for information on the use of 
electrospinning for lithium-sulfur batteries, the reader is directed to the recent comprehensive 
review focused solely on this technology from Liu et al. [16] and for a very recent and 
comprehensive summary of the use of electrospinning in sodium ion batteries, to the review 
from Wang et al [17]. Therefore, devices that benefit from the tuneable microstructure of 
carbon fibres whereupon surface redox processes take place are covered within.  
2. Methodology 
2.1 Configuration 
In its purest form, any electrospinning set-up requires three major components: i) some method 
of feeding the spin-dope (polymer-containing solution) and charging it (usually called the 
spinneret), ii) a high voltage power supply to create the large potential field required, and iii) a 
collector of some kind to collect the electrospun fibres ejected from the feed. The spin dope 
feed and spinneret charging creates an elongated droplet at the tip of the needle called a Taylor 
cone, and the large electric field between the spinneret and the collector draws the polymer out, 
spinning it into small fibres on the collector (Fig. 1). One of the spinneret or the collector is 
charged (either positively or negatively) and the opposite component is grounded using the 
power supply. What follows is a step-by-step description of the different variations of these 
components that are commonly used and what advantages or features they provide.  
 
Fig. 1. Typical lab-scale electrospinning set-up. This set-up uses a needle and a flat horizontal metallic collector. Other 
configurations are also possible, as detailed in the main text.  
2.2 Feed 
The simplest way to feed an electrospinning process is with a syringe and a syringe pump. Even 
simple syringe pumps have a high degree of control of the flow rate, making them good 
candidates for electrospinning. Attaching a metal needle to the end of the syringe, and charging 
(or grounding) the needle fulfils the basic feed requirements for electrospinning and is often as 
far as researchers need to go for proof-of-concept studies [18–23], or basic morphology work 
[24–28]. An extension of this method is to utilize multiple needles on the same syringe pump 
to increase the material throughput and the electrospinning footprint on the collector [29–31].  
This improves the deposition rate of the fibres (which can be prohibitively low for industrial 
scale-up when using a single spinneret) and can be a route to increased production rates. 
Co-axial electrospinning is a similar method, but rather than one needle there are two arranged 
as a core (central needle) and shell (annulus). When used with different spin-dopes in the core 
and shell, co-axial electrospinning can produce composite materials [32–36], hollow materials 
[37–39], flat ribbon fibres [40–42], or even be used to modify fibre thickness [43,44]. This 
method can also be used to spin materials that could not normally be electrospun due to high 
viscosity [45] or low dielectric constant [46]. Similarly, systems with more than one shell (3+ 
different polymer solutions) have been used to create multilevel structures including embedded 
nano-wires [47,48]. 
Another common method is to heat the spinneret and spin-dope to electrospin at elevated 
temperatures. This can be carried out for a variety of reasons. In melt electrospinning, the 
polymer is a solid at room temperature and needs to be heated in order to be effectively 
processed. This can be achieved by temporarily melting the polymer with laser-induced heating 
[49–52], using a hot jet of gas in the shell of a coaxial device [53,54], or heating the entire 
spinneret with a circulating heating fluid [55,56]. Similarly, these methods can be used for 
spinning polymers that need to remain at high temperatures throughout the electrospinning 
process [57–59], or as a means of affecting fibre morphology [60,61]. Local laser heating has 
also been used in-situ to heat the Taylor cone [62] or directly on the deposited fibres to alter 
their morphology [63,64]. 
Other methods do not use a traditional spinneret; in free surface electrospinning, a surface is 
coated in a thin layer of spin-dope, often by submerging it in a solution bath and then rotating 
it near the counter electrode. Most commonly, this is done with a spinning wire electrode [65–
68] but similar results can be achieved using a rotating drum electrode [68], a splash electrode 
[69] and a spiral coil electrode [69]. Needle-disk electrospinning [70], or profile multi-pin 
electrospinning [71] coat surfaces that have been profiled, normally with pins, to control the 
size and location of Taylor cones. Other free surface methods will simply utilize a reservoir of 
spin-dope [72,73] or a series of reservoirs arranged as a pyramid [74,75]. The main difference 
with free surface electrospinning is, as the name implies, rather than a single Taylor cone 
forming in a fixed location, multiple Taylor cones form freely across the surface. These 
methods are particularly useful for scaling up the electrospinning process, as making any 
commercially relevant material with a single spinneret is incredibly time-consuming. 
The electrospinning process is highly random and achieving uniform thickness across the 
material can be challenging. A commonly used method to achieve this is to raster the needle 
back and forth to allow the fibres to deposit uniformly over the collector. The entire feed 
assembly can be rastered. However, it may be easier to simply move the needle and connect 
the syringe pump to the needle through flexible plastic tubing. Additionally, approaches such 
as near field electrospinning [76,77] and magnetic alignment [78–80] can allow for greater 
control of fibre morphology and orientation, though they are out of the scope of this review. 
2.3 Field potential 
The main driving force in the electrospinning process is the large potential across the spinneret 
and the collector. Generally, for any given polymer-solvent system there is a minimum required 
field voltage (kV∙cm-1), defined by both the potential of the power supply and the operating 
distance between the spinneret and the collector, below which the potential field is not ‘pulling’ 
enough to draw out electrospun fibres [81,82]. On any given electrospinning system, this will 
need to be tuned locally, as it will be dependent on relative humidity, electrode-counter 
electrode distance [83] as well as solution concentration [84], viscosity [85] and flow rate [86]. 
The following progression is generally true for operating at field potential σ in a system with 
σMIN minimum field voltage. 
For σ	≪	 σMIN, no electrospinning will take place. As σ	→ σMIN the system will start to 
occasionally deposit very large fibres onto the collector. The fibres will be wet with solvent 
and likely damage any pre-existing fibres, as well as lacking any control in fibre size. When	σ	
=	σMIN the system will continually deposit fibres onto the collector. If the flow rate of the spin-
dope is not properly tuned the system will ‘sputter,’ causing unequal deposits of fibre and 
solution onto the collector, often damaging the sample. Electrospinning at these lower field 
potentials leads to bead-like morphology and often inconsistent operation. As the field potential 
increases the fibres will first become more consistent in size and morphology (more fibres, 
fewer beads) and the fibre size will decrease as the field potential increases. Eventually, at 
σMAX ≫	σMIN, the system will stop making fibres and instead electrospray nano- and micro-
beads of polymer at the collector [87]. Much like the minimum field voltage, the maximum 
field voltage is highly dependent on the individual electrospinning system. 
The polarity of the applied potential field can also affect the electrospinning process. As with 
the applied voltage, described above, there is no correct polarity; rather, it is highly dependent 
on the individual process. Studies have been undertaken to dichotomize the effects of different 
polarities, usually focusing on one specific polymer–solution system. Wu et al. found that 
electrospinning aqueous polyvinyl acetate while negatively charging the collector or positively 
charging the spinneret outperformed the other configurations when considering consistent fibre 
production and smaller fibre diameter [88], which was confirmed by Kilic et al. for a similar 
system of polyvinyl in alcohol and water [89]. Ali et al. found that charging (negatively or 
positively) the spinneret resulted in better control of polyacrylonitrile–dimethyl formamide 
(PAN-DMF) systems [90], a result later confirmed by Kok and Gostick [91]. Urbanek found 
that when spinning polycapralactone/chitosan in hexafluoropropanol, negatively charging the 
spinneret resulted in greater ease and efficiency in a desired surface modification [92]. The 
opposite was found by Stachewiscz et al. [93], who determined that the desired surface 
functionality in their nylon-acetic/formic acid electrospun materials was better served using a 
positive power supply. There is, as yet, no clear underlying reason for the observed differences 
in consistency of fibres obtained with different polarities and the literature suggests that it is 
specific to particular combinations of polymers and polarities, though it is an interesting avenue 
of investigation. 
Typically, an electrospinning setup will use one of the configurations described above; one 
high voltage direct current (DC) power supply that charges either the spinneret or the collector, 
with the other grounded. Other configurations are used but are far less common. Alternating 
current (AC) power supplies have been used to electrospin super-hydrophobic surfaces [94], 
highly-aligned nanofibres [95], as well as micro helical polymeric structures [96]. Tong and 
Wang created a novel electrospinning set-up that used alternating positive and negative DC 
power supplies to greatly increase how thick the deposited electrospun mat could be [97]. 
2.4 Collector 
The final component for electrospinning is the collector. Fibre morphology is usually 
dependent on other ‘up-stream’ properties, such as concentration, working distance and voltage, 
as previously outlined, while the collector largely contributes to the overall material 
architecture. The simplest method of collection is to ground (or charge) a flat piece of metal. 
Referred to as a flat plate collector, this method provides no additional benefits other than 
collecting deposited fibres. Flat plate collectors, much like single spinnerets, are often used for 
proof-of-concept or morphological studies. They are excellent for demonstrating something 
can be electrospun but offer no real avenues for scaled-up production. Flat plate collectors can 
also be modified to generate more complex or interesting materials. Common modifications 
include patterning the surface with channels [98,99] or hole arrays [100]. Patterning the 
collector in this way controls where and how the fibres deposit during the process.  
One level of complexity above the flat plate collector is the rotating drum collector. In this case, 
the collection of fibres is carried out on a grounded (or charged) metallic drum that is rotating. 
A major benefit of this collector is that it allows for creation of larger samples with more 
consistent properties. As electrospinning typically releases a conical zone of deposited fibres, 
there can be differences in the amount of material deposited based on location (i.e. radial 
position). By rotating the drum there will be less variation as the collector is effectively moving. 
Combining a rotating drum collector with a rastered spinneret will achieve this in all directions 
while also increasing the sample size. Rotating drum collectors can also impart a large amount 
of anisotropy into the materials. If the surface velocity of the drum is fast compared to the 
velocity of the fibre deposition, the fibres will align around the circumference of the drum. 
Similar results can be obtained by using a rotating wire collector, made up of a ‘drum’ of 
individual wires [101]. In this mode, the fibre anisotropy is less dependent on the velocity of 
the collector and more an intrinsic characteristic of its geometry. Rotating drum collectors can 
also be used to induce morphological gradients in the electrospun materials. In cone 
electrospinning, the collector is a rotating cone, making the tip to collector distance vary along 
the length of the collector [102].  
A third class of collectors is needle, tip or pin collectors. These collectors are usually comprised 
of arrays of patterned pins. During electrospinning the fibres will preferentially deposit on the 
pins making highly structured materials [103]. Single pin collectors can also be utilized. Chang 
et al. used a rotating needle to make micro-ropes [104] and Rafique et al. have used a needle 
to make highly aligned fibres [105], while Yu used a charged nail to make electrospun fibres 
with ‘closed-loop’ (continuous) structures [106]. 
Many other varied collectors are possible, and they can be customized depending on need. 
Collectors have been made from soft lithography of silicon substrates [107] and 3D printing of 
delicate designs [108]. Rotating ring collectors have been used to generate and collect 
nanofibre yarns [109] and highly porous 3D scaffolds have been generated by electrospinning 
onto a helical spring [110]. As the collector needs only act as a counter-electrode and target, 
there are nearly infinite different styles and types that can be utilized. 
2.5 Best practices 
The focus of this review is electrospinning for electrochemical devices. For this section, 
polyacrylonitrile fibres (PAN) dissolved in dimethylformamide (DMF) will be used as a model 
system; while many of the methods described above can be used with a variety of polymers to 
produce useful electrochemical materials, PAN/DMF electrospinning is the most common as 
PAN is a high-yield carbon precursor, which is often a requirement in electrochemical devices. 
However, DMF is toxic and care should be taken when working with this polymer/solvent 
combination. What follows is a set of best practices for electrospinning PAN/DMF from a 
simple single spinneret and a rotating drum or flat plate collector. Additionally, electrospinning 
is generally conducted at room temperature (though elevated temperatures of the polymer 
solutions are often used, as discussed in section 2.2) and at low relative humidity to increase 
the dielectric constant of the air gap between the spinneret and the collector, and so the 
following discussion also assumes these conditions. There is a wide variety of approaches taken 
in the literature, however, and varying these parameters can have an effect on fibre morphology 
and consistency. 
Best results (in terms of ease of electrospinning) are achieved by grounding the spinneret and 
charging the collector with a negative voltage power supply. The first parameter choice to make 
in a system is the electrospinning distance. The best value will depend on the specific setup but 
typically 12 - 15 cm is an appropriate tip-to-collector distance. 
A solution is prepared by mixing PAN (MW 150,000 Da) in anhydrous DMF and stirring 
without heating for more than 12 hours, normally overnight. The concentration of the spin dope 
depends on the desired fibre size. Typically, on the lower end will be 9 - 10 wt%, which will 
produce fibres that are < 500 nm. The highest concentration of PAN that can be electrospun 
without heating or other modifications is 13 wt%, which will produce fibres that are larger than 
1 µm in diameter. Generally, 12 wt% leads to facile electrospinning and consistent fibres 
between 800 nm and 1.5 µm. 
A syringe should be filled as gently as possible with spin-dope, avoiding bubbles, especially 
small bubbles as they will affect the flow of the material and are very hard to remove due to 
the highly viscous solution. The flow rates are very low, so only a small amount (5 mL) needs 
to be added, especially initially. A 14 - 18 gauge (1.628 - 1.024 mm inner diameter) needle 
should be attached to the syringe and loaded into a syringe pump. The needle of choice is 
determined by the viscosity of the solution. Generally, 16 gauge needles are effective but bigger 
or smaller needles may be necessary for more or less viscous spin-dopes. 
To find the correct flow rate, the flow should be increased slowly at small increments. Using a 
non-friable wipe, the end of the needle is cleaned - if a ‘bulb’ of spin-dope does not immediately 
replace it, the flow should be increased. If the ‘bulb’ is quickly replaced and then very quickly 
starts to fall off the needle, the flow is too high. The flow rate for the conditions listed above is 
typically between 0.8 and 1.0 mL∙hr-1.  
The final step is to connect the ground to the spinneret and turn on the power supply. The power 
is gradually increased until the Taylor cone forms and becomes stable. If the spin-dope is 
periodically dripping, the voltage is insufficient; if the Taylor cone is growing smaller as the 
‘bulb’ is consumed and then reforms as the flow replaces it, the voltage is too high. During the 
process of electrospinning, as more material is deposited and the thickness of the (insulating) 
fibre mat increases, it may be necessary to increase the operating voltage to account for the 
change in dielectric constant over the spinning distance in order to avoid inhomogeneities 
through the thickness of the electrode [111]. Periodically, while spinning, the tip of the 
spinneret will need to be cleaned as excess fibre and spin-dope build-up can affect the 
electrospinning performance. This is easier using a non-conductive stick with a tiny amount of 
non-friable paper wrapped around the end (KimWipes). 
Following electrospinning, it is usually desirable to carbonise or graphitise the mats to make a 
conductive material. Usually, best results are achieved using a tube furnace and following the 
following general steps, though methodology does vary in the literature and may need to be 
adapted to different polymer precursors. In general, however, higher temperatures and 
carbonisation times will lead to higher degrees of graphitisation, but often at the cost of 
reduction in surface functionality of the materials. First, if there is a desired thickness for the 
final material, the mats can be placed between alumina plates, with the space controlled by 
spacers. The plates will ensure the final product is flat and with consistent thickness throughout. 
The sample should then be placed in a tube furnace and heated at a rate of 5 °C∙min-1 until 
250 °C. The sample should then be maintained at this temperature, in air, for at least 75 minutes. 
This is in order to allow for cleaving of the triple bonded N and a dehydrogenation reaction to 
occur, requiring oxygen, before the graphitisation occurs. Towards the end of this rest period, 
nitrogen or another inert gas should be used to provide an inert atmosphere in the furnace, after 
which the temperature is again increased at a rate of 5 °C·min-1. For low-temperature furnaces, 
the temperature should remain at 850 °C and 1150 °C for 40 minutes each. For higher 
temperature processes, a similar plateau every 300 - 350 °C, for example at 1500 °C and 
1800 °C, can be applied. After the final temperature plateau, the temperature is again reduced 
at a rate of 5 °C∙min-1, until 250 °C, and then allowed to cool to room temperature. 
These general principles should produce repeatable and reliable results for PAN-based fibres 
for the electrochemical energy storage devices discussed in the remainder of this review. 
However, a key advantage of electrospinning is in its adaptable nature and use of any polymers; 
many interesting variations of these basic methods will be presented in this review as a route 
to advanced functional materials.  
3. Redox flow batteries 
3.1 Overview the historical development of electrospun materials in 
redox flow batteries 
Compared with other energy storage technologies, redox flow batteries (RFBs) have a unique 
ability to decouple the energy density and power output. This is due to the operating principle 
of RFBs, whereby electrolytes containing the active species, stored in the external tanks, flow 
into a conversion device, or ‘stack’, where it is charged or discharged. In this way, the capacity 
of the battery can be increased simply by increasing the electrolyte inventory in the tanks, and 
the power of the battery by increasing the size of the stack. Therefore, it is one of the leading 
candidates for fulfilling the multi-scale requirement of optimal energy storage for the electricity 
grid. Among diversified chemical couples, the all-vanadium redox flow battery (VRFB) has 
attracted the most commercial attention due to its resistance to crossover effects from 
electrochemical-recoverability of the electrolytes due to its single-element chemistry [112]. 
During discharging, a negative electrolyte (anolyte) and a positive electrolyte (catholyte) are 
pumped through porous, conductive electrodes, where the electrodes serve as a platform to 
initiate redox reactions on their surface with no dimensional or chemical change of the 
electrode. For this reason, carbon felt or paper composed of graphitised carbon fibres in the 
order of 10 µm diameter are often employed in RFBs, providing porous, conductive electrodes 
with a high surface area that are chemically and mechanically robust in the operating regime 
of RFBs. 
Though the VRFB is the most developed chemistry, it has not been extensively commercialised 
because of its sluggish kinetics on the current electrode materials [113]. The slow charge 
transfer rate leads to an excessive charge transfer overpotential, risking competing side 
reactions such as the hydrogen evolution reaction (HER, on the negative electrode) and 
diminished electrolyte utilization. Generally, a large stack size is required to satisfy high power 
output demands with commercial electrodes, which results in a high upfront cost of the system. 
Additionally, when operating at higher current densities or at lower states-of-charge (where the 
concentration of the active species in the electrolyte is diminished), there are significant mass 
transport overpotentials that reduce the voltage efficiency of the battery. To operate under high 
current without increasing polarization and depleting cell efficiency, enlarging the reactive 
surface area of the electrode material and tuning the microstructure to improve mass transport 
are two approaches that can improve performance without requiring improvements to 
electrochemical activity (e.g., via the use of catalysts or alternative chemistries). Decreasing 
the fibre diameter in these electrode materials can improve the performance of the RFBs via an 
increase in the specific surface area, and controlling the size, amount and alignment of pores 
can help to optimise the microstructure for more effective operation in the mass-transport 
limited regime. Additionally, modifying the fibre surface properties to introduce surface 
functional groups and mesoporosity can help catalyse the reactions and improve the wettability 
of the electrodes, lowering the activation overpotentials in these systems. Electrospinning has 
recently emerged as a flexible technique that can address all these aspects of performance 
enhancement in RFBs, allowing the synthesis of free-standing mats of small, high surface area 
fibres, control of microstructure through the operating parameters of the spinning process and 
control of surface functionality by the ability to spin many different polymers and additives of 
varying compositions. 
The development of electrospun materials for VRFBs was first demonstrated in 2013 [114,115] 
and the historical development of the usage of electrospun materials in RFBs is outlined in Fig. 
2. Due to the electrical conductivity requirements for use as the electrode material, 
carbonisation conditions were firstly taken into consideration to achieve high conductivity 
without compromising the advantage of achieving high surface area. The first two papers 
[114,115] investigated electrospun materials as positive electrodes for VO2+/ VO2+. Wei et al. 
[114] analysed conductivity and catalytic activity of electrospun carbon nanofibres (ECNF) 
carbonized at different temperatures. As desired, ECNF were observed with fibre sizes two 
orders of magnitude smaller (100 - 200 nm diameter) than commercial electrodes (10 - 15 µm), 
with a smooth surface and a turbostratic carbon structure. Their temperature study showed that 
ECNF carbonized at 1,000℃ (ECNF-1000) demonstrated the highest conductivity of 8.54 
S∙cm-1 compared to barely 0.138 S∙cm-1 at 700 ℃ carbonisation. In general, it can be assumed 
that conductivity results in the literature correspond to through plane conductivity where the 
majority of the electron transport to the current collector takes place, and unless stated 
otherwise in this review, conductivity refers to this direction. Comparing to a charge transfer 
resistance of 57.2 Ω∙cm-2 for commercial carbon felt (CF), ECNF-1000 reduced the resistance 
to 22.4	Ω∙cm-2 at 1 V polarization voltage. It was shown that ECNF-1000 benefited from its 
higher carbon content, graphitisation degree, larger surface area and unique carbon structure 
[114]. Low resolution- and high resolution-transmission electron spectroscopy (LRTEM and 
HRTEM) characterization shown in Fig.3(a and b) demonstrate the particular internal structure 
of the carbon for ECNF-1000, where the elongated graphitic crystallites aggregated and aligned 
along the fibre axis. Their paper stated this was forced by the rotating alignment effect during 
electrospinning [114]. Another pioneering work by Flox et al. [115] also analysed the different 
collectors’ effects on ECNF. In Fig.3(e and f), the low resolution- and high resolution- scanning 
electron spectroscopy (LRSEM and HRSEM) images show fibre alignment induced by using 
a rotating collector, and is compared to unaligned fibres generated on a plate collector shown 
in Fig.3(c and d). Aligned fibres had larger and less variation of fibre diameter than unaligned 
fibres. Alignment also sharply enhanced ECNF conductivity, especially in its aligned direction, 
which was four times higher than the unaligned material, and six times higher than commercial 
felt. Wei et al. [116] also investigated a higher temperature window from 1,000℃ to 1,500℃, 
and found 1,000℃ worked best for the VO2+/ VO2+ redox couple. Increasing the temperature 
led to functional group depletion even though higher temperature increased the number of 
graphite crystallites’ edge planes, therefore, an optimized temperature was reported, balancing 
those two enhancement factors. The lateral graphite crystallite size (La) obtained from Raman 
spectroscopy increased greatly from 1.4 nm-1 to 2.3 nm-1 with carbonization temperature 
raising from 1,000 ℃  to 1,500 ℃ , which confirmed the improved degree of order 
(graphitisation degree) with temperature. However, the consumption of N and O content with 
higher temperature inevitably caused reduction of functional groups. Xu et al. [117] discovered 
that 1,100 ℃ exhibits the highest activity for the negative V2+/V3+ redox couple and tested 
ECNF as an ultrathin free-standing electrode achieving 74.1% energy efficiency (EE) at 40 
mA∙cm-2. Aside from carbonisation temperature studies, various carbonisation times (30, 60, 
90 and 120 min) were 
 
Fig. 2. Historical development of electrospinning in RFBs since 2013, grouped into studies of similar aspects of electrospinning: the effect of synthesis conditions (cyan), combination with 
catalysts (light blue), application in VRFB (yellow), microstructural studies (pink) and the use of polymers other than PAN (green). Reproduced from Ref. [111, 143] with permission from 
John Wiley and Sons, and from Ref. [147] with permission from The Royal Society of Chemistry. 
investigated with 90 min delivering the best performance [118]. There was little variation in 
morphology and element composition, but strong influence on graphitisation degree with 
carbonisation time. The shape of the (002) diffraction peak from X-ray diffraction (XRD) 
patterns became sharper and its calculated crystallite size (LC) increased from 1.0 nm to 2.0 nm 
with increased carbonisation time, indicating that building up carbonisation time improved the 
ordering of the turbostratic carbon structure. Various carbonisation time also led to different 
electrochemical activity for the vanadium couples. The electrical conductivity increased with 
graphitisation degree; however, the number of exposed catalytic edge-planes decreased with 
increasing graphitisation order. Therefore, a peak catalytic performance point was reached at 
90 min carbonisation time. On the question of the impact of graphitisation degree, the authors 
designed experiments with an iron additive to achieve different graphitisation degree of ECNF 
[119]. The c-axis spacing (d002) from XRD pattern reduced to 0.340 nm and LC of ECNF 
reached 8.6 nm at 1,300 ℃ with the catalysing activity of iron. Results also confirmed that 
there was a trade-off between increasing conductivity and decreasing catalytic activity on 
increasing graphitisation. The early-stage papers on synthesis conditions compared ECNF with 
commercial electrodes, and hinted at the potential for electrospinning to produce promising 
electrode materials for the VRFB with its remarkable enhancement of charge transfer and mass 
transport rate.  
 
Fig.3. (a) LRTEM and (b) HRTEM of elongated graphitic crystallites in ECNF-1000 (inset: detail of the graphitic structure) 
[114]. (c) LRSEM and (d) HRSEM of unaligned ECNF. (e) LRSEM (inset: photograph displaying the flexibility of this 
material) and (f) HRSEM of aligned ECNF. Reproduced from Ref. [115] with permission from The Royal Society of 
Chemistry.  
Before the application of electrospun mats as free-standing electrode materials, electrospun 
fibres were initially coated or spun on the CF as a catalyst layer. When the polymer was directly 
spun on the commercial felt before carbonisation, there was a deterioration of commercial 
electrode performance. Researchers explained that this was due to the extra-introduced 
hydrophobicity with additional heat-treatment during graphitisation of electrospun fibres [118]. 
Therefore, electrospun fibres were generally separately prepared, then sandwiched between 
commercial felt and membrane layers [118,120,121]. Accompanied by the research on 
synthesis conditions, the joint functionality between the electrospun catalyst layer and metal 
catalysts has also been explored since 2015 [121–123]. The approach of mixing metal salt 
precursors into the polymer solution for electrospinning simplified two-steps of the metal 
crystallisation and carbon graphitisation into one. Another advantage is the metal nanoparticles 
were believed to have a more robust attachment to the carbon fibre support when co-spun with 
the polymer, preventing removal and loss of catalyst material during flowing of the electrolyte 
through the electrodes. Though this is inferred from scanning electron microscopy (SEM) 
images showing embedded particles in the fibres, the majority of papers do not provide direct 
proof of stronger adhesion. So far, a wide range of metals including Bi [120], Ce [124], V [125], 
Mn [126], Ti [121], Ni [127] and Zr [122], and carbon catalysts consisting of reduced graphene 
oxide (RGO) [123], graphite nanopowders [128] and carbon nanotubes [120]) has been studied 
and is outlined in more detail in Section 3.2. The formed electrospun/metal composites have 
been used as either a catalyst layer or free-standing electrode. When studying ECNF as a porous 
electrode, the microstructure and transport properties, including fibre size, pore size, porosity 
and permeability were found to play an important role. A model constructed by Kok et al. [129] 
for a hydrogen-bromine redox flow battery revealed that the fibre morphology had a large 
impact on the kinetics of the system, with smaller fibre size increasing the available surface for 
reaction. However, with a reduction in fibre size comes a reduction in permeability of the mats; 
on the reduction of the fibre size with a specified porosity (e.g. fibre diameter below 1.5 µm 
with 0.9 porosity), mass transfer limitation starts dominating for the porous electrode. Although 
the specific surface area could be directly improved by decreasing fibre size, the effective 
surface area is more complicated relating to liquid transport properties. There were shown to 
be optimal fibre sizes for battery power output relating to different porosity values. Therefore, 
the model suggested an optimal structure, with fibre size of 1 - 2 µm and porosity higher than 
0.85 predicting the best battery performance. Since the fibre size of commercial felt is an order 
of magnitude larger, the electrospinning process was chosen to achieve this target structure. 
The Gostick group accomplished this through increasing the PAN concentration from 10 wt% 
to 12 wt% [130]. However, there was an unforeseen issue of lower limiting current with the 
designed electrospun structure, suspected to be due to structural heterogeneity and this 
conjecture was later verified through X-ray computed tomography (CT) combined with 
computational modelling of the flow properties of the electrode [111,131]. Subsequent work 
reduced the heterogeneity in the fibre size and in the structure through the thickness of the mat 
by employing a rotating drum collector [132]. Increasing the rotating speed of this collector 
also allowed a degree of alignment to be attributed to the fibres, instilling a directional 
anisotropy into the electrodes. The effect of this anisotropy was studied via the use of the lattice 
Boltzmann method (LBM) to model the fluid dynamics on the microstructures obtained from 
CT and compared to electrospun materials with random fibre alignment, as well as the 
commercial carbon felt (CF) [133]. The mass transport properties of the electrodes were found 
to be strongly correlated to the microstructure and an inverse relationship between permeability 
and mass transport was demonstrated, highlighting the ability of electrospinning to create 
tuneable microstructures with beneficial properties for RFBs. The combination of LBM with 
CT experimental data was recently applied to investigate the effect of microstructure on the 
mass transport, and to predict the electrolyte flow and reactant distributions of three different 
electrode materials (not electrospun) for non-aqueous RFBs by Zhang et al. [134]. Better 
electrochemical results with homogenous pores subsequently validated the close connection 
between the electrode microstructure and battery performance.  
In summary, the development of ECNF for RFBs was driven by a desire to engineer electrodes 
with better charge transfer and mass transport properties. The tuneable microstructures, 
controllable surface-chemical compositions, and industrial scalability of ECNF make it 
attractive for the application as either a catalyst layer or a free-standing electrode for RFBs. 
The earliest attempts largely investigated the effect of the carbonisation step and discovered a 
potential for the use of ECNF in RFBs, showing an improvement of activity and mass transport 
properties via its surface chemistry and controlled morphology, which has inspired further 
 
3.2 Catalysts additives and surface functional groups 
The application of electrospun mats as a catalyst layer was first explored by Wei et al. [118] 
and has been investigated in detail by Qixing et al. [135] using carbon paper, carbon cloth and 
graphite felt as the backing layer, providing mechanical support and accounting for the high 
mass transport resistance in the electrospun thin film applied to its surface. In this way, the 
ECNF provides a region of high surface area without impacting drastically on the higher 
permeability of commercial electrode materials with much larger fibre sizes. An outstanding 
performance of 80.2% EE was achieved at a high current density of 240 mA∙cm-2 with stability 
for more than 800 cycles. This catalyst layer also inspired the embellishing of the ECNF with 
metal catalysts, appearing in the literature two years after electrospun fibres were first 
demonstrated in VRFBs. The most common approach is to synthesise catalysts supported on 
electrospun fibres via blending the catalyst precursor into the polymer solution during 
electrospinning, followed by thermal treatment for simultaneous fibre carbonisation and 
catalyst crystallisation. Several papers have studied the catalytic activities and capabilities of 
different catalysts on improving the vanadium kinetics [120–127], using the voltages and 
separations of redox peak currents in cyclic voltammograms (CVs) as the performance metric, 
and the extracted ohmic, charge transfer, and mass transfer resistances from electrochemical 
impedance spectroscopy (EIS). The diverse application of electrospun material as either a free-
standing electrode or a catalyst layer split the works of ECNF with catalysts composites into 
two groups.  
Wei et al. [128] considered graphite nanopowders in the first instance to increase the 
concentration of edge-planes, correlating to their graphitisation degree studies [116,119], 
which was demonstrated as having catalytic activity for the vanadium redox couples. In this 
work [128], they considered electrospun fibres and graphite nanoplates as the electrode and 
electrocatalyst, respectively. The electrocatalytic activity was improved and increases with the 
amount of graphite nanopowders from 1 wt% to 2 wt% embedded in the matrix. The CV 
comparison in Fig. 4 (b) shows the graphite/ECNF composite having more than two times the 
redox peak current densities and more symmetric peaks than ECNF, which indicates more 
reversible kinetics on the graphite/ECNF composite surface. The low price of graphite powder 
compared to other carbon nanomaterials also makes it superior for large-scale applications. 
Despite not being emphasized in their work, there was an obvious morphology change imparted 
by adding graphite nanoplates, as shown in Fig. 4(a). While analysing the performance of 
increased reaction current densities or reduced charge transfer resistance, it is also pertinent to 
consider the impacts of morphology variations, particularly in the mass transport limited region 
of operation of RFBs (requiring tests in working flow cells). Further work by Wei et al. [120] 
separately added carbon nanotubes and bismuth to form composite catalyst layers. They found 
the catalysts embedded into electrospun fibres and crystallised near to the surface region (Fig. 
4e), hypothesising that this results in a stronger adhesion of electrocatalysts to the fibres. The 
composite catalyst layers of bismuth/ECNF and carbon nanotubes/ECNF composites were 
studied towards both VO2+/VO2+ and V2+/V3+ redox couples. Based on the finding that superior 
performance on V2+/V3+ was achieved by bismuth/ECNF and VO2+/VO2+ by carbon 
nanotubes/ECNF, they developed an asymmetric battery sandwiched with the selected catalyst 
layers on the respective sides of electrodes. Fig. 4(f) presents improved EE at various current 
densities by this asymmetric battery (82% EE than 79.7% EE for pristine CF at 100 mA∙cm-2). 
After this initial battery testing that packed the ECNF/catalyst layer between commercial felt 
and membrane, Jing et al. [124] found an excessive hydrophobicity of electrospun fibres due 
to their higher graphitisation degree, which led to low utilization of the large geometric surface 
area given by the smaller fibre diameter; demonstrating that though it is possible to make high 
surface area electrodes via electrospinning, the surface functionality has to be taken into 
account to allow for good wetting and therefore maximisation of the effective electrochemical 
surface area. In this respect, the addition of cerium (IV) oxide (CeO2) to electrospun fibres was 
discovered to boost its electrochemical performance activity, which was ascribed to the 
enhancement of wettability and subsequent recovery of the electrochemical active surface area 
[124].  
 
Fig. 4. (a) SEM image and (b) CV comparison of ECNF with graphite nanopowders [128]. (a) shows some examples of the 
‘beading’ that can sometimes occur in electrospinning, as outlined in Section 2. (c) SEM image and (d) EIS comparison of 
urchin-like nanofibres [125]. (e) Z-contrast image and (f) EE comparison in various current density of bismuth embedded 
ECNF [120]. (g) LRTEM and HRTEM (inset) images and (h) discharge curves of nickel/ECNF composite [127].  
In general, more effort has been given to catalysing the negative electrode couples in VRFBs, 
as the slower electron transfer rate of V2+/V3+ makes it the limiting electrode during battery 
cycling. The low reversible potential of this redox couple (-0.225 V vs. SHE) relative to the 
hydrogen evolution reaction also adds a degree of difficulty in adding catalysts to the negative 
electrode, as the catalyst choice must not enhance the HER (and ideally suppress it) in order to 
minimise Coulombic inefficiencies and degradation of the aqueous electrolyte. Various 
catalysts, including rutile titanium oxide (TiO2) [121], zirconium dioxides (ZrO2) [122] and 
RGO [123] were mixed into the spinning solution and formed into an ECNF/catalyst layer to 
accelerate the reaction rate. Aside from lowering the energy barrier, graphene oxide 
dramatically increases the active surface area by raising the Brunauer-Emmett-Teller (BET) 
surface area of ECNF from 57.8 m2∙g-1 to 177.4 m2∙g-1 with a subsequent enlarged double-layer 
current evident in the CVs, attributed to its buckled structure and the improved hydrophilicity 
from the oxygen content of its surface functional groups [123]. Nitrogen functional groups 
have also been reported as an effective modification to enhance ECNF electrocatalytic 
performance [136]. The nitrogen doping was achieved through the addition of urea into the 
polymer dispersion solution and again in the subsequent carbonisation process. The nitrogen 
atoms created more defect edges and promoted wettability of electrospun nanofibres, and hence 
improved its performance towards electron and mass transfer. A common method of improving 
the performance of carbon electrodes for VRFBs is to heat-treat them in air to add oxygen 
functionality; though this increases the wettable surface area, it has recently been suggested by 
Singh et al. [137] that nitrogen doping of carbons can have a catalytic effect for the V redox 
couples, beyond that of simply increasing the surface area with oxygen treatment. They found 
that though their N-doped carbon papers had an electrochemical surface area (ECSA) 16 times 
less than that of oxygen treated papers, there was superior catalytic activity towards the 
VO2+/VO2+ couple for the former, meaning N-doping of materials for RFBs electrodes should 
be further pursued in order to advance the state-of-the-art from the simple air/heat treatments 
most widely applied in the literature (for example, as outlined in an early work from Sun and 
Skyllas-Kazacos [138]). 
As well as acting as an active additive in conjunction with the commercially available carbon 
felt or paper, electrospinning can also be used to create free-standing electrodes to entirely 
replace the traditional materials in an RFB cell. Mechanically flexible ECNF with Mn3O4 
catalyst was shown to function as a free-standing electrode by Di Blasi et al. in 2017 [126]. 
The Mn3O4 nanoparticles formed during carbonisation further boost the electrocatalytic activity 
of electrospun material for both vanadium couples. The coupling of Mn3O4 with ECNFs 
accomplished higher wettability due to its oxygen content, improved charge transfer due to 
higher carbon graphitisation in the fibres, as well as more active catalytic sites from the spinel 
structure of manganese (II, III) oxide, hence increased the EE from 70% for the commercial 
carbon electrode, to 80% EE for ECNF and 81% EE for Mn3O4 modified ECNF at 80 mA∙cm-
2 discharge current density. Even though Mn3O4 as a catalyst for VRFB was reported as early 
as 2012 by Kim et al. [139], it was an interesting finding in this electrospinning paper [126] 
that the improvement on the adoption of ECNF was much more significant than adding Mn3O4, 
which only marginally improves the performance further. The same year, Busacca et al. [125] 
infused vanadium salts into the polymer spinning solution and formed urchin-like nanofibres 
with rhombohedral V2O3, as shown in Fig. 4(c). This novel structure of ECNF-V2O3 composite 
showed advanced performance with a lower charge transfer resistance of 0.12	Ω∙cm-2 at 1.18V, 
compared with 0.2 Ω∙cm-2 and 1.16 Ω∙cm-2 for pristine ECNF and commercial CF (Fig. 4d), 
respectively. This advanced performance was attributed to not only the catalysing effect of 
V2O3, but also an altered more graphitic structure of the supporting fibres, which showed 
improved conductivity of 0.034 S∙cm-1 to 0.065 S∙cm-1 when combined with the V2O3. Another 
highlight of this work was the substitution of polymer PAN for thermoplastic 
polyvinylpyrrolidone (PVP) to avoid the use of hazardous DMF solvents. More detailed 
discussion on carbon precursors was given in the section 3.5, though a comparison with PAN 
after carbonisation was not made, and so it is difficult to know if there was an effect from 
different surface functionality of the carbonised PVP (though XPS showed a similar C:O ratio 
to other papers using PAN). A supplementary function was also discovered with nickel [127], 
which multiplied the polarity of electrospun carbon and ensured a larger electrode-electrolyte 
double-layer interface. The increased wettability by the nickel-generated oxygen functional 
groups assisted electrolyte accessibility to the electrode surface as well as the catalysing sites. 
These features gave Ni/ECNF a high effective surface area, delivering electrochemical 
functionality that enhanced redox activity and electron conductivity. The transmission electron 
microscopy (TEM) characterization shown in Fig. 4(g) proved that the nickel particles were 
embedded and created pores/defects in the carbon nanofibres, which created catalytic sites and 
increased surface area. This high active surface area Ni/ECNF promoted both cathode and 
anode reactions, where the charge/discharge overpotential was reduced by 102.9 mV compared 
to pristine ECNF (Fig. 4h), and obtained an impressive EE of 68% at 160 mA∙cm-2.  
In summary, the catalyst additives in electrospinning are valued for their electrocatalytic 
activity as well as a side function of better utilization or extension of ECNF surface area by 
their improved wettability or pores-forming ability. Another advantage is the enhanced stability 
due to a uniformly embedded structure of nanoparticles in the ECNF, in contrast to other 
synthesis methods (e.g. separate electrodeposition and hydrothermal reaction). Unfortunately, 
the catalyst performance is difficult to compare between work without actual flow battery tests, 
as the testing protocols, such as the scan rates in CVs and the polarization voltages in EISs, 
vary from study to study. A standard testing protocol for catalyst studies in RFBs is imperative 
to communicating and exchanging advancements in the field. The intrinsic mechanism of metal 
catalysing the redox reactions has not been the main focus in the papers of metal and ECNF 
composites, as the metals with other synthesis method were proved effective previously. 
However, the kinetics/mechanisms of improving battery performance of the metal catalysts in 
a dense and nano-scaled ECNF are possibly different from a more porous and micro-scaled 
structure of CF. More generally, full flow battery testing of ECNFs is vital as the field advances 
as it is only then that the mass transport properties of the electrodes can be evaluated in addition 
to their catalytic activity in static electrolyte systems. This way, the varied microstructure and 
chemical compositions of ECNF when electrospinning with additive salts might prove 
beneficial or detrimental to its overall performance in a full cell. With consideration of all 
aspects of the properties of these materials in future work, we believe the potential of 
ECNF/catalysts composites could be realised in working RFB systems.  
3.3 Microstructure and image-based modelling 
As RFBs are flow-through operation devices, the microstructural properties of the electrodes, 
such as the pore size, porosity, tortuosity, and connectivity play an important role in porous 
material behaviour. SEM is a widely applied imaging technique to evaluate the microstructural 
properties of a wide variety of materials. However, as it is a 2D imaging method, it is inherently 
limited to evaluation of the top or bottom surface of electrodes, or a cross-section through a 
selected point to give through-plane morphology, and as such, internal heterogeneities can be 
missed. This is particularly key for the electrospinning technique as it is a dynamic procedure 
and is sensitive to the developing spin conditions through the process as more material is 
deposited (in the through-plane direction), and any heterogeneities can be further exaggerated 
by the following carbonisation step. Additionally, macroscopic measurements, such as total 
porosity, are non-representative when assessing only one face of the electrode. Though slice-
and-view focused ion beam (FIB) SEM can be used to resolve the whole structure, it is a time 
consuming and destructive technique. To solve these problems, non-destructive insight by X-
ray CT has recently been used to assess the microstructure of the commercial electrode 
materials for RFBs [132,140–142], and more recently for electrospun materials (requiring 
nano-CT due to the smaller fibre size [132]). X-ray CT has also been used for non-aqueous 
RFBs to screen the commercially available electrodes based on the simulated electrolyte flow 
pattern and other fluid transport properties [134]. Though this technique has obvious 
advantages in imaging and visualising the 3D structure of porous media, the true power of the 
technique comes from it providing a virtual volume on which image-based modelling can be 
carried out. The flow, pressure and velocity distributions can be numerically simulated based 
on the actual structure and a computational fluid dynamics model. Finally, image-based models 
can also have the capability to predict performance and to correlate the battery performance 
with its microstructure and synthesis parameters [134].  
For the transport properties and electrolyte flow patterns, the LBM, Darcy’s law and Fick’s 
law are most utilized for modelling RFBs. Kok et al. [111] addressed the structural 
heterogeneity of electrospun porous mats through LBM modelling. They found a significantly 
altered surface morphology during the carbonisation, but with a preserved inner structure, 
leading to large through-plane heterogeneities. Before carbonisation, the fibre diameter 
displayed little variation in-plane (fibre layers) or through-plane (thickness) and hence the 
surface value of fibre diameter could represent the bulk property. After carbonisation, there 
was a significant deviation comparing both the bottom and top surfaces of electrospun samples 
with fibre sizes within the mat, and a reduction of fibre size towards the edges from the middle 
was encountered. Fibre size would be underestimated around 25% by surface characterization 
alone, demonstrating the benefit of the 3D X-ray CT approach. They also observed a significant 
variation in local pore size distribution through the plane of the electrode, which has 
consequences for the flow characteristics of the electrolyte in this media. LBM simulations 
revealed a coupling of permeability to local porosity and that the heterogeneities in the material 
could lead to severe channelling of the electrolyte through only a small fraction of the electrode. 
The difference in apparent porosity of the microstructure from a simulated mercury intrusion 
porosimetry (MIP) experiment (Fig. 5c) and that determined by a local thickness method (Fig. 
5d), shows the effect of shielding and bottlenecking of larger pores by smaller pores: that is, 
the true and inherent porosity measured by a local thickness algorithm (Fig. 5d) might not be 
fully accessible to the electrolyte due to smaller pores upstream of the flow. This can have 
drastic consequences for the performance of the RFB, resulting in regions of reactant starvation 
adjacent to the areas of high-velocity flow, as well as underutilisation of the full electrode 
volume. The shielding and bottlenecking phenomenon could be aggravated by inconsistencies 
in the synthesis of electrospun materials and the anisotropies present in commercial (woven) 
CF materials, demonstrating the need for accurate control and rational design of microstructure 
in order to produce efficient electrodes for RFBs. This is particularly important when operating 
at higher current densities, where good mass transport and electrode utilisation become critical, 
and additionally in low states of charge (SoC) where the relative concentration of the reactants 
in the available electrolyte volume is diminished significantly. Large mass transport 
overpotentials caused by these two operating conditions (and unoptimised microstructures) 
requires long constant voltage steps to be added to the cycling protocol to access the full charge 
of the electrolyte inventory, or a reduced SoC operating window must be used for shorter 
charge/discharge cycles. As the electrolyte is often a significant proportion of the cost of RFB 
systems (particularly for VRFBs), tailoring the microstructure of the electrodes to minimise 
mass transport overpotential, and therefore maximise the practical operating SoC window, 
effectively means that the electrolyte utilisation is higher (or the battery is charged and 
discharged more quickly for the same utilisation), and therefore electrode microstructural 
properties can have a direct effect on the cost of RFB systems.  
  
Fig. 5. Modelled invasion pattern of the electrolyte positions in an electrode at breakthrough condition of (a) CF and (b) 
ECNF-CF. Reproduced from Ref. [143] with permission from John Wiley and Sons. Local pore sized determined by (c) 
MIP and (d) local thickness method. Reproduced from Ref. [111] with permission from John Wiley and Sons.  
The channelling phenomenon through modelling was also demonstrated experimentally by 
Fetyan et al. [143]. A pore network model was developed based on the CF electrodes [131,144], 
and then was used by Fetyan et al. [143] for the comparison of electrolyte transport through 
the CF and their designed electrospun material. This pore network model could extract 
properties such as electrolyte invasion behaviour and saturation information with a reduced 
computational demand compared with direct numerical simulation on each voxel of a CT 
volume. Their low-cost electrospun fibres were synthesised by substituting the PAN carbon 
precursor with carbon black powder, and obtained a high surface area electrode with a rough 
and twisted surface. The fibres showed improvement on the performance of the CF in the low 
current density regime; ECNF on CF achieved 75% EE at 20 mA∙cm-2 compared to 70% EE 
of CF. Unfortunately, this low-cost carbon-carbon composite as a free-standing electrode was 
not capable of operating at a discharge current density higher than 100 mA∙cm-2 because of the 
sharp performance degradation below 50% EE at 80 mA∙cm-2. X-ray CT imaging and 
modelling shed light on this poor battery performance; the pore size distribution for the CF was 
between 25 - 75 µm but was below 20 µm for their electrospun electrode, where a smaller pore 
size leads to large invasion pressure and entrance capillary pressure [143]. Most RFBs have no 
back-pressure system, which results in a much lower saturation of the electrospun electrode. 
Fig. 5(a and b) show the break-through point, which is the point of electrolyte reaching the 
opposite face of the electrode. An extremely low saturation of electrospun electrode (3.8% 
compared to 31.1% for CF) was observed, as there formed a continuous pathway through the 
electrode at the point of electrolyte invasion, leading to the vast majority of the electrolyte 
being channelled through a small fraction of the pore structure, which was also found in the 
work of Kok et al. [145] discussed previously.  
3.4 Structure and morphology design  
Electrospinning allows tailored bulk solutions of organic polymers to be formed into thin fibres, 
but also has the versatility to alter fibre diameter, pore size, and pore shapes through adjusting 
parameters during the fabrication process. As discussed in the previous section, the low 
saturation and heterogeneity of the flow pattern is closely related to the microstructural 
properties, and is detrimental to the performance of the battery. Altered morphologies were 
observed in some electrospun materials with additives; for instance, the addition of carbon 
black resulted in a rough and twisted surface [143] and vanadium salts produced urchin-like 
fibres [125]. Nevertheless, the microstructural properties were not the main focus of the work 
and were not taken into account when analysing the battery performance. The concern of the 
low permeability of dense electrospun material was first addressed in 2018 [111,143], 
supported by image-based modelling. In the following publications, many parameters were 
considered to achieve an ideal structure: the electrospun solution variations included polymer 
concentration [130], multi-polymer precursors [146,147], novel electrospun operation setup 
and parameters include horizontally opposite-electrospinning [147] and the use of high-speed 
rotating drum collectors [132].  
Though electrospinning allows for control of the microstructure, the dynamic nature of the 
technique means that careful optimisation of the spinning and carbonisation parameters is 
required (and sometimes needs to be altered throughout the spinning process) to avoid any 
undesired variation in structural inconsistency, particularly as thick fibre mats are spun and 
accumulation of insulating material changes the electric field properties. This can result in 
heterogeneity as described by Kok et al. [111], which could cause the issues of channelling and 
shielding observed experimentally in Fetyan’s work [143]. With careful control of the spinning 
process, it is possible to avoid the issues and synthesise electrospun electrodes with consistent 
fibre diameters and a small pore size distribution [132]. A consistent microstructure was 
successfully synthesised by using more refined operation with a feedback control process to 
keep constant operation conditions as more insulating material was deposited through the 
process. Furthermore, on top of the consistency, alignment in the in-plane direction was 
achieved by using a rapidly rotating drum collector to increase the permeability. Fig. 6 
demonstrates how the controlled electrospun fibres (EE-C) narrow the fibre diameter 
distribution compared to the heterogeneous electrospun fibres (EE-H), and additionally 
avoided anomalous large fibres such as those seen in EE-H [132]. Additionally, it was found 
that the alignment delivered a sufficient anisotropy and obtained the highest permeability in 
the direction parallel to the aligned direction of the fibres, which added a new understanding 
to the effect of alignment to that of the elongated graphite planes and improved conductivity in 
the aligned direction demonstrated by Flox et al. [115]. Alignment was also applied by Zhang 
et al. [148] to address the low permeability issue in the direction of electrolyte flow and the 
aligned ECNF resulted in an increased limiting current density, 25% higher than that of carbon 
paper.  
 
Fig. 6. Fibre diameter distributions of electrospun material without control (EE-H), with control (EE-C) and aligned 
(EE-A) calculated by the local thickness method (left), and the 3D rendering of the whole volume (left) and magnified 
area (right), as well as one example xy orthoslice (middle) for each sample. Reproduced from Ref [132] with permission 
from John Wiley and Sons. 
For the widely applied ECNF/CF composite, the improved battery performance has also been 
ascribed to the variation of microstructure. Wu et al. [135] described it as a dual-layered 
electrode (Fig. 7a) with ECNF as a catalyst layer and commercial felt electrode with larger 
pores as a backing layer. They explained this dual-layer structure could match the architecture 
of a fuel cell, where the gas diffusion layer (GDL) used for uniform reactant distribution 
corresponded to the backing phase and the reactions mainly occurred in the ECNF phase, 
analogous to the catalyst layer in a fuel cell. Therefore, the high catalytic activity of ECNF was 
maintained, and the low saturation issues could be resolved by increasing the inlet electrolyte 
homogeneity through the better distribution properties of the backing layer. When performing 
at a high current density, the poor battery performance of the commercial carbon electrode and 
ECNF was attributed to the activation loss and concentration loss, respectively. The 
combination of both by this dual-layer structure provided a synergistic performance 
enhancement effect and offset both disadvantages. Through screening of the backing layer, 
flow rate and flow field geometry, the best battery performance with optimized selections 
reached high EE of 80.2% at 240 mA∙cm-2 current density. 
 
Fig. 7. (a) The design of dual-layer structured RFB [135]. The formation mechanism of (b) electrospun fibres, and (c) 
electrospun fibre bundles, (d) LRSEM image and (e) HRSEM image of bundled electrospun fibres [146]. (f) Synthesis 
procedures, HRSEM image of (g) normal ECNF and (h) bi-electrospun carbon nanofibres. Reproduced from Ref. [147] 
with permission from The Royal Society of Chemistry. (i) The schematic on the micron-scale and the nano-scale, and 
(j) HRSEM image of the integrated electrode [149].  
However, the configuration of a commercial CF as a backing layer and an ECNF catalyst layer 
reduces the inherent benefit of using ECNF, in that free-standing electrospun fibre mat provides 
a thin and high surface area electrode which can greatly reduce the overall stack size in RFBs. 
To maintain the benefits of a thin ECNF electrode but with the improved mass transport of 
electrodes with larger voids (as in commercial CF electrodes), Xu et al. [149] recently used a 
novel approach where the structure of the electrode was altered from the region closest to the 
current collector (defined as the ‘electron transfer region’ by the authors) to the region closest 
to the separator (defined as the ‘reaction region’). They used a high concentration of PAN (14 
wt%) to provide larger void space, but during the ES process added a CaCO3 salt towards the 
end of the spinning, which introduced nanoporosity to the fibres in the region closest to the 
separator (after carbonisation), resulting in a higher surface area in the ‘reaction region’. With 
this concept and morphology shown in Fig. 7(i and j), the reaction region had a micron-scale 
void structure and a nano-scale porous structure of 150 nm pores evenly distributed on the fibre 
surface, and the electron transfer region was a thin film with the typical ECNF solid fibres and 
next to the bipolar plate. Through changing the electrospinning solute from PAN to the mixture 
of PAN and CaCO3 salt during the multi-step electrospinning procedure, a continuous phase 
transformed from the region closest to the current collector, minimising the contact resistance, 
into a higher surface area layer in the region closest to the separator. In the ‘reaction region’, 
CaCO3 decomposed during the carbonisation step, resulting in CO2 etching, which formed 
additional nano-pores in the catalytic layer as well as oxygen-rich functionality surrounding 
the nano-pores. Along with the abundant active sites provided by the enhanced surface area 
and wettability of the ‘reaction region’, the thin dense film in the ‘electron transfer region’ 
facilitated the contact area between the electrode and current collector. This indiscrete 
electrospun material with distinct morphology change through the thickness of the electrode 
pushed the battery performance with ECNF electrode to the best-reported value of 80.2% EE 
at 250 mA∙cm-2 and peak power density of 702.98 mW∙cm-2. The concept and rationale of this 
electrode design were tested by comparing the electrode performance with different variables 
of this modification, and they showed inferior battery performance of the control group with a 
single synthesis step/variable (including no electron transfer region, elimination of the re-
oxidization step and low carbonization temperature), proving the advantageous properties of 
this novel design [149]. 
Efforts to control the structure and design morphology are an effective solution in improving 
battery performance. A more straightforward approach was taken by Xu et al. [147] to increase 
the distance between fibres to reduce the pressure drop. They successfully expanded the void 
space by oppositely bi-electrospinning PAN and a sacrificial polymer PVP with processing 
steps shown in Fig. 7(f), and achieved larger voids (Fig. 7h) than would normally be obtained 
with electrospinning (Fig. 7g) after its removal. The CV comparison of the bi-electrospun and 
normal ECNF electrodes showed the bi-electrospun electrode underwent higher activation loss 
due to its lower surface area and fewer functional groups. However, their material performed 
better in the battery single cell test, with twice the utilization of electrolyte capacity and 77.9% 
EE with 11.1% improvement at 60 mA∙cm-2, thanks to its higher permeability and improved 
mass transport. The expansion of voids approach was also found in a porous bundle structure 
(Fig. 7d), which was synthesized by electrospinning a bi-component solution of PAN and 
polystyrene (PS) and resulted in a four times larger void distance [146]. Unlike the basic 
sacrificial phase in the previous study, PS can not only form large fibre bundles and control 
bundle sizes, but also facilitated the formation of internal channels in the fibres, as shown in 
Fig. 7(e), which augmented the specific surface area. The evolution of self-assembly bundles 
was dominated by the polymer solution viscosity because the attraction between two sticky jets 
was higher and led to intertwining during the spinning process. Fig. 7(c and b) illustrate the 
formation of separated fibres with a low viscosity precursor and bundles with high viscosity. 
PS could be able to be spun at eight times the viscosity of pure PAN but still form stable bundles, 
compensating the unsteady electrospun performance of high viscous PAN solution. The 
electrolyte utilization capacity at 100 mA∙cm-2 current density was doubled with this PS/PAN 
bi-blending electrode, which benefited from the lower concentration polarization resistance 
and enhanced mass transport performance, especially at higher current densities. Both papers 
discussed above increased the porosity and hence the permeability; while the fibres generated 
by the second polymer jet of PVP in bi-electrospun ECNF were removed to produce larger 
pores, inevitably reducing the volumetric surface area (surface area/volume) [147]. On the 
other hand, the bundled structure formed because of increased viscosity by mixing PS with 
PAN has larger ‘fibre size’, which results in larger voids and less surface area [146]. Though 
the surface area reduction was offset by the additional area in the internal channels, consistency 
of the bundles was varied, as shown in Fig. 7(d), with different numbers of fibres forming 
bundles with diverse diameters [146]. This heterogeneous microstructure with bundles could 
lead to channelling and shielding within the electrode.  
To date, the progress of RFB electrodes by rational design of ECNF microstructure has shown 
significant promise. The excellent electrolyte utilization with ECNF electrodes has pushed the 
operating battery current density to a higher range (>200 mA∙cm-2). The concept of the dual-
layered structure explained the improved performance by sandwiching ECNF between 
commercial electrodes and membrane [135]; however, the application of electrospun material 
should not be restricted to either in a sandwich form or as a free-standing electrode. Novel 
designs benefiting from the flexibility of electrospinning have shown some recent promise for 
effective electrodes made purely from ECNFs. Nonetheless, there are still experimental 
challenges in achieving a theoretical optimised structure. The dynamic electrospun process 
strongly relates to the variables in the system; therefore, there is increasing complexity and 
difficulty in producing consistent results when varying many parameters including additives, 
multi-polymers, multi-jets and post-treatments. Feedback control systems could be considered 
for lab-scale experiments and could prove especially useful for industrial-scale production in 
the future. Furthermore, a combination of optimised morphology for mass transfer, catalysis 
for kinetics and modelling for performance prediction could boost the battery performance to 
a new level soon.  
3.5 Conclusions and perspectives 
Aside from the research angles reviewed herein, the sustainability of the petrochemical-derived 
PAN polymers often employed in RFB electrodes has driven recent research interests towards 
biomass-derived precursors, which have been pursued in many other energy-relating fields 
[150–152]. Lignin, originating from plants and collected as a waste by-product, has been 
explored in RFB recently. Vivo-Vilches et al. [153] screened and tested three types of lignin: 
Kraft (KL), ethanol organosolv (EOL) and phosphoric acid lignin (PL) as the precursors and 
added polyethylene oxide as plasticizer for the ECNF formation. They found a positive 
correlation between the molecular weight of lignin and fibre mechanical stability. The fibres 
derived from EOL, which has the lowest molecular weight of the three in this study, 
experienced severe pyrolysis and were unable to resist thermal treatment. Unfortunately, they 
did not measure the jet viscosity, as this is suspected to have an impact due to the lower 
viscosity of the polymer with smaller molecular weight. However, this phenomenon still 
requires further research to understand, especially with the presence of plasticizer. In this work, 
the electrospinning applied voltage was also optimized and the necessity of pre-treatment in 
air was evaluated. The carbon nanofibres made from PL and KL electrospun under 9 kV with 
air stabilization pre-treatment had impressive CV electrochemical performance for vanadium 
redox couples, suggesting lignin is malleable for electrospinning and has potential as an RFB 
electrode [153]. Lignin also stands out for its unique chemistry, which produces abundant 
oxygen functional groups delivering a hydrophilic surface with rich active sites. Further 
treatment to introduce N and P to provide more polar surface and active sites for vanadium 
couples was studied by Ribadeneyra et al. [154] through thermal decomposition of NH4PF6. 
With comparison to a commercial carbon fibre fabric sheet, the KL-derived ECNF was found 
to have a higher surface area and activity. However, on P-doping the performance of the ECNF 
was worse than the commercial CF (with the former having a higher level of P-doping, due to 
the larger number of oxygen functional groups in the starting material), attributed to reduced 
conductivity due to doping induced blockage of micro/mesopores and electron transport. Their 
work was the first to evaluate biomass-derived ECNF for VRFB electrode in a single cell 
battery test, and presented a comparable battery performance of lignin-derived electrode with 
commercial electrode material for capacity utilization, energy efficiency and stability. 
Although long-term testing is required, their results indicated the potential of biomass-derived 
electrodes for RFBs. However, the selection and intensity of surface functionalization should 
be considered to avoid undesirable side effects, as well as synthesis conditions to maintain a 
mechanically and chemically stable microstructure in future studies. 
To date, applications of ECNF for RFBs have indicated these novel materials can lead to an 
improvement on commercially available electrode materials and have promise for application 
in commercial RFB systems. The foremost studies were driven by a theoretical principle and 
explored the capability of electrospinning as a production method for electrode materials for 
RFBs. However, electrochemical testing is often limited to CV and EIS in static electrolyte for 
comparisons with commercially available electrodes, and full cell testing is required to fully 
evaluate the mass transport performance of ECNF materials. ECNFs were first utilized as a 
catalyst layer for their high surface-area, and subsequent modifications with other catalysts or 
atom doping advanced the performance. The battery performances of the catalysts/ECNF 
composites are presented in Fig. 8 (blue), which all display steady EE of around 75% below 
100 mA∙cm-2, and a moderate performance fade with increasing current density. In order to 
maximize the power density of stacks, ECNFs as a free-standing electrode have been proposed. 
The first free-standing ECNF only accomplished 74.1% EE at 40 mA∙cm-2, demonstrating the 
importance of microstructure in issues of shielding, channelling and bottlenecking of flow, 
highlighted by image-based modelling. Subsequently, researchers have started to attach 
importance to the alteration of morphology and microstructure, with novel designs enhancing 
the performance of pristine ECNFs, comparable to that achievement by the use of ECNFs as a 
thin catalyst layer on commercial CF electrodes (Fig. 8 green). Notably, several recent structure 
designs (Fig. 8 pink) have been successful in pushing the operating current density to 250 
mA∙cm-2 while preserving an outstanding energy utilization with over 80% EE. With regards 
to performance degradation, all carbon-based electrodes for aqueous flow batteries, both 
electrospun and carbon felt, are resistant to cycling within a reasonable voltage window. 
Comparing with the benchmark performance of a 6 MWh VRFB cycled for more than 200,000 
cycles in 2005 [155], electrospun material in RFBs is still in its early stages and needs further 
study. Nevertheless, its superior catalytic activity towards reaction redox couples is a potential 
solution to the high overpotential of commercial electrodes under high discharge current 
density. The best performing ECNF electrodes in future studies are predicted to be those that 
optimise the microstructure in combination with a catalytic enhancement to ensure efficient 
operation over the activation and mass transport regions of the operating RFB.  
 
Fig. 8. A conclusion of battery performance (energy efficiency vs. current density) in most publications discussed in this 
section (some work is not presented for a clearer view); Blue: ECNF or ECNF/catalysts composites as a catalyst layer; 
Green: ECNF with modified structures as a free-standing electrode; Pink: Free-standing electrode of ECNF with novel 
structures with notable performance. ‘2D projections’ of energy efficiency vs publication number and energy efficiency 
vs current density are shown on the back wall of the figure for ease in extracting values from the data.  
4. Low-temperature fuel cells applications 
4.1 Introduction 
Another energy conversion technology where electrospinning finds application is in the 
processing of electrodes for low-temperature fuel cells, including proton exchange membrane 
fuel cells (PEMFC) and alkaline fuel cells (AFC). Fuel cells employ gas diffusion layers (GDLs) 
within the structure of the electrode to enable even and efficient delivery of reactant gases 
(often hydrogen and oxygen) to the catalyst surface, as well as aiding in the removal of product 
water from the system, and so the microstructure of the GDL directly influences the 
performance of fuel cells. Additionally, the conductive pathway of the current produced travels 
through the GDL to the current collectors, and therefore the GDL material must have good 
electrical conductivity. For this reason, the GDL is often composed of carbon fibre papers or 
cloths. For hydrogen fuel cells, the oxygen reduction reaction (ORR) taking place at the 
cathode constitutes the limiting factor for both efficiency and cost, due to sluggish ORR 
kinetics and the high price of platinum-based cathode catalysts, respectively. To reduce the 
amount of Pt used in fuel cells, the catalysts tend to be in the form of well-dispersed 
nanoparticles on a conductive and porous support such as carbon black. 
Besides the outstanding efficiency of Pt in catalysing the ORR, which leads to a 4-electron  
pathway and high current densities, its stability under normal operating cathode conditions 
tends to decay after some time due to Pt agglomeration, Pt dissolution and carbon support 
corrosion, all of which lead to loss of active surface area and therefore electrocatalytic activity 
towards ORR. As well as Pt active sites modification, CO poisoning can reduce the activity of 
the catalyst [156]. These phenomena translate into reduced performance over time and possible 
replacement in aged commercial FCs, potentially increasing the economic cost to the final user 
after time [156–161]. Hence, over the years, different approaches have been developed to 
improve Pt stability under ORR conditions, or even replace it with lower cost and efficient 
oxygen electrocatalysts (noble metal-free materials) [162–164].  
In recent years, the exploration and development of potential substitutes of Pt and their supports 
has focused on the design of new nanostructured materials, with the aim of achieving the 
required properties for efficient electrocatalysis: high electric conductivity, porosity, surface 
area and concentration of active sites for the ORR [162–164]. To that extent, electrospinning 
has stood out as a low-cost and scalable manufacturing process to produce nanofibre electrodes 
for ORR electrocatalysis [156–164]. Electrospinning is a highly versatile technique that 
enables the design and optimisation of electrocatalytic nanomaterials by varying the processing 
parameters [156–164], as outlined in Section 2.  
Researchers have used electrospinning for manufacturing fuel cell electrodes using three main 
approaches: (i) to produce tailored microstructures for the GDL architecture; (ii) to engineer 
cathode catalysts which can provide higher stability to Pt; and (iii) to process self-supported 
transition metal and/or heteroatom doped carbon nanofibres (CNF). The achievements of the 
main studies and discoveries of these approaches will be outlined and discussed in the next 
subsections of this review, and the performance of the various materials discussed is 
summarised graphically within this section, and tabulated in the supporting information. 
4.2 Electrospinning for GDLs 
The basic role of the gas diffusion layer, as its name suggests, is to provide gas access via 
diffusion to catalyst sites under the flow field ribs (land areas). Without such a porous spacer, 
a proportion of the catalyst would be inactive due to gas starvation. However, being placed 
between the gas flow channels and the catalyst layer means the GDL must support the transport 
of all species involved in the reaction (except protons). This means that GDLs must be 
electronically and thermally conductive; highly porous to provide gas pathways; mechanically 
robust to provide support to the membrane-electrode assembly over the channel region; and, 
perhaps the biggest challenge, they must be able to manage any liquid water within the cell 
resulting from the combination of water produced by the ORR and high humidity required by 
the ionomeric membrane.  
Conventional GDLs universally consist of 7-10 µm diameter carbon fibres. This is because 
they are made from commercially available pre-carbonized fibres, which are made by 
carbonizing a continuous strand of extruded polyacrylonitrile, yielding a spool of high quality, 
graphitic fibre. GDLs are made by chopping the carbonized PAN and assembling into a fibrous 
mat. The fibres are then bound together using various approaches, such as hydroentanglement 
or polymeric binders. A thorough overview of traditional GDL manufacturing is given by 
Mathias et al. [165]. 
Over the last several years, researchers have begun to investigate whether smaller fibres might 
be better suited for GDLs, and electrospinning is the ideal platform from which to launch such 
studies. For a given porosity, smaller fibres mean smaller pores, and the curved nature of the 
fibre surfaces impact the capillary behaviour via the Purcell effect [166], so smaller fibres also 
exhibit increased hydrophobicity [167]. Since one of the main roles of GDLs is water 
management, it follows that GDLs with smaller hydrophobic fibres would be less prone to 
water flooding, resulting in lower overall water saturations. In traditional GDLs, PTFE is often 
added to increase hydrophobicity, at the expense of sacrificing a proportion of the porosity. 
Todd and Merida [168] were the first to investigate the potential of electrospun GDLs (eGDLs) 
in a PEM fuel cell. They observed lower performance, resulting from both increased mass 
transfer and ohmic resistance, but did optimistically note that operation at higher current 
density was more stable. They proposed that the eGDLs retained less water which hindered 
performance by reducing the ionic conductivity of the membrane. The increased mass transfer 
resistance was not explained, and the structural and transport properties of their eGDLs were 
not provided. In a follow-up paper [169], they explored the impact of anisotropic fibre 
orientation on performance and found that highly aligned fibres, oriented perpendicular to the 
flow field, out-performed commercial materials, though no justification was given for this 
enhancement. More recent work by Bazylak and co-workers, discussed below, highlights the 
importance of electrical conductivity of the layers. It is therefore plausible that the 
improvement of their highly-aligned materials resulted from the more dense packing of the 
fibres and subsequent improvement in fibre-to-fibre contact. This is supported by the 
substantially better performance in the ohmic region.  
Bazylak and co-workers have undertaken a detailed study of eGDLs, including parametric 
studies of GDLs properties [170] and radiography of in-situ water distributions [171]. They 
found that large fibre-to-fibre spacing led to poor electrical conductivity, which influenced the 
performance negatively. Conversely, they found that the eGDLs had worse mass transfer 
performance than conventional GDLs, which they attributed to the accumulation of liquid 
water in the catalyst layer due to the excessive hydrophobicity of the eGDL layers. They used 
a surface functionalization technique to render the fibres hydrophobic, which was perhaps too 
effective. The fact that GDLs must mediate so many varied transport processes presents a 
challenge since all aspects must be balanced. Salahuddin et al. [172] recently proposed eGDL 
materials with superhydrophobic surfaces, but they did not test cell performance, so going to 
extremes in any given direction may not be the correct approach.  Another intriguing finding 
coming from the above studies is that highly-aligned fibres, oriented perpendicularly to the 
flow-field, provide stronger mechanical support to the membrane electrode assembly (MEA) 
when compared to alignment of the fibres with the flow fields where uneven compression from 
the land/channel contact could cause cleaving of the electrode along the direction of alignment, 
as indicated by the radiographs. This could also explain the improved cell performance in the 
ohmic region.  
One well-known downside of using large fibres for GDLs is that physical contact between the 
GDLs and the MEA is poor. To remedy this, a microporous layer (MPL) is often added to the 
MEA-facing side of the GDL. The MPL has a similar structure to the catalyst layer (CL), but 
no catalyst, and is very flat, so interfaces well with the CL. The MPL also intrudes deeply into 
the GDL, thereby bridging the electrical and thermal connection between the CL and GDL. In 
the above-mentioned studies, eGDLs were used with no MPL since the smaller fibres create a 
smoother surface for contacting the catalyst layer. One of the early applications of electrospun 
layers in PEMs was to replace the MPL with an electrospun equivalent (eMPL) while retaining 
the commercial GDL. Duan et al. [173] leveraged the smaller pores and higher hydrophobicity 
and reported improved peak performance compared to a standard microporous layer. Li et al. 
[174] explored the reason behind this improvement in more detail and identified the increase 
in diffusion through the eMPL, which has higher porosity and pores that are large enough to 
avoid Knudsen diffusion resistance. Lee et al. [175] extended basic construction of the eMPL 
by adding some partial hydrophilic functionality, which retains water near the membrane and 
is believed to provide a humidification buffer to maintain ionomer hydration, or to wick 
excessive water from the catalyst layer (probably both). This approach is similar to adding 
hydrophilic powders to a traditional MPL [176]. Finally, Balakrishnan et al. [177] created an 
eGDL with a gradient in fibre size, and therefore pore size, which essentially mimics a GDL-
MPL dual-layer structure. It showed very similar performance to a commercial dual-layer 
material and vastly outperformed a commercial GDL with no MPL.  
In summary, the smaller fibres and resultant pore sizes of the electrospun GDLs and MPLs are 
generally beneficial to fuel cell performance. In the GDL, the increased hydrophobicity 
prevents water from flooding the layer and maintains good oxygen mass transfer. In the MPL, 
the smaller fibres create a better interface with the catalyst layer, while the pores are large 
enough to avoid Knudsen effects. Since there are so many competing objectives in the GDL-
MPL role, a balance must be struck, thus aiming for extremes in any given area, such as 
hydrophobicity or high porosity, can have negative unintended consequences. There is 
certainly much room for improvement in this area as a relatively limited number of reports are 
available in the literature. 
4.3 Electrospun nanofibres as support for Pt and Pt alloys 
To increase stability and decrease mass loading of Pt for ORR applications, research has been 
devoted to investigating the support surface effect on the stability of Pt, correlated with 
controlling structure/geometry and electronic state of Pt particles [156]. Tailoring of desired 
support properties leads to stabilization of the surface energy interaction between fibres and 
supported Pt, as well as exposure and accessibility for oxygen to active sites, and an 
enhancement of the triple-phase point (absorbed oxygen, catalytic sites, electrolyte) during 
ORR catalysis [156,157,179,158–164,178]. Similar studies have also been developed with Pt 
alloys with other noble metals [178,179]. In this sense, the use of electrospinning can lead to 
interesting fibre morphologies, including hollow and multi-layered, that can potentially 
enhance Pt stability and improve oxygen accessibility to catalytic sites [156–164].  
In 2015, Cavaliere et al. [157] used PAN electrospun nanofibres as a template to produce Sb-
doped-SnO2 hollow nanofibres, via calcination of the polymeric phase, obtaining diameters of 
less than100 nm and high porosity. The Sb doped-SnO2 fibres were then decorated with Pt via 
chemical reduction of H2PtCl6·6H2O, leading to controlled geometry of Pt nanoparticles, easy 
accessibility of oxygen and good ORR performance under acidic conditions [157]. 
(Supplementary Information, Table S.1). However, stability (40% ECSA loss after 10,000 
cycles) and initial ECSA were found to be lower than commercial Pt catalyst. Fuel cell testing 
led to a maximum power density of 0.61 W∙cm-2 and open circuit potential of 0.96 V [156,157]. 
A similar approach using Nb-doped SnO2 as a support for Pt was reported by Savych et al. 
[158], obtaining similar results to Cavaliere et al. [157] (Table S.1). A few years later, similar 
work used Nb-doped- rutile TiO2 electrospun nanofibres as the support for Pt nanoparticles 
[180]. The doping effect of Nb on rutile TiO2 increased the electrical conductivity of the 
electrospun dioxide fibres and changed the surface energy, achieving homogeneous 
distribution and stability of Pt nanoparticles [180]. With this approach, reduction of Pt mass 
loading (60 µgPt∙cm-2) was achieved as well as relatively high retention of mass activity after 
6,000 cycles (64%), in a half-cell setup under acidic conditions [180]. In Fig. 9, micrographs 
and electrocatalytic performance of this electrospun material are shown as a good example of 
these type of materials used as a support for Pt. 
 
Fig. 9. (a) SEM and TEM (inset) micrographs of Nb-TiO2 nanofibres, (b) TEM micrographs of Pt supported on Nb-TiO2 
nanofibres catalyst (inset: Pt nanoparticle size distribution), (c) LSV stability test, (d) CV stability before, during and 
after ADT and (e) mass activity @ 0.9 V vs. RHE before, during and after ADT. Reproduced from Ref. [180] with 
permission from Nature Publishing Group.  
Electrospun TiO2 nanofibres/wires were also studied by Deng et al. [178] as a support for a 
PtAu alloy active material for the ORR. After calcination, a thermal reduction with H2 was 
performed, diminishing mass loading to 7.03% loading of Pt and achieving a similar ORR 
activity and enhanced stability compared with commercial 20% Pt/C electrocatalyst standard 
(Table S.1). This improvement of mass loading and enhanced ORR performance was attributed 
to an enhancement of conductivity of the oxide fibres due to the presence of Au. The material’s 
superior stability was ascribed to the PtAu alloy considering a synergistic effect due to inert 
nature of Au and Pt that enhances the resistance in acidic conditions due to its electron 
configuration, providing Pt with these desirable properties for ORR electrocatalysis. 
Regardless of enhanced properties, to make more commercially feasible fuel cells, it is 
desirable to not only decrease Pt mass loading but also avoid using other expensive elements 
that cannot assist in addressing economical practicality of this technology [178].  
Other popular electrospun materials used as a support for Pt are nitrides [181,182]. Titanium 
nitride nanofibres were synthesized via a facile three-step process: electrospinning, thermal 
stabilization and nitridation, by Kim et al. [181] Properties of this material were optimized to 
achieve an ECSA of 181.44 m2∙g-1 and a Pt content of 20%. Electrochemical testing 
encountered very similar performance compared to a commercial catalyst (Eonset ~0.98 V vs. 
RHE, E1/2 ~0.88 V vs. RHE, JD ~ 5.5 mA∙cm-2) and better stability (retained current density 
after 6,000 cycles ~ 91 %) compared to similar measurements for Pt/C standard reported 
elsewhere [164]. Exposed catalytic sites due to porosity of this material combined with surface 
energy provided to Pt from the support could be the main factors that helped this material to 
retain current density after accelerated degradation tests (ADT) [181].  
Another example of electrospun nitrides are the vanadium nitride (VN) nanofibres used as a 
support for Pt by Kim et al. [182]. Though good electrocatalytic performance with lower Pt 
mass loading was achieved (~ 15 wt% Pt), current density retention was determined to be 
around 60% after 60 min of chronoamperometric testing. Even though their stability testing 
outcome was better compared to Pt/C, it is very doubtful that this material could be able to 
retain electrocatalytic properties towards ORR on long-time operation (Table S.1).  
Niobium carbide (NbC) nanofibres were synthesized as a support for platinum due to their 
intrinsic chemical stability [160]. Niobium carbide fibre support provided Pt nanoparticles with 
better electrochemical properties due to the synergetic catalysis and structure stability for ORR. 
However, mass loading had to be increased (30 wt% Pt) to achieve comparable performance 
in full-cell and half-cell testing. Low surface area correlated with the nonporous nature of 
carbides leads to higher Pt mass loading for this material, perhaps contributing to the relatively 
low (31%) ECSA retention after ADT 10 000 cycles, probably due to increased Pt nanoparticle 
agglomeration and lower contact between the Pt and NbC surface, resulting in a higher 
concentration of Pt nanoparticles not supported on the surface of carbide [160].  
However, though oxide and nitride supports are demonstrated in the literature, the most 
researched support for Pt is carbon [156]. In the case of the electrospun carbon supports, there 
are many examples in the literature [162,183–185]. A simple electrospinning, graphitisation, 
and deposition process was reported by Wang et al. [162], supporting Pt on N-doped- C porous 
nanofibres. The performance of this supported Pt in acidic media was comparable with 
benchmark Pt/C black catalyst and after ADT the half-wave potential shifted by only 21 mV 
after 1,000 cycles [162]. Retention of the fast kinetics of the reaction was attributed to the 
influence of the N-doped-C nanofibres on the stability of Pt [162]. Electrocatalytic activity 
(Eonset 0.949 V vs. RHE, E1/2 0.773 V vs. RHE, n > 3.9) and stability (DE1/2 = 21 mV after 1,000 
cycles) of Pt on mesoporous C nanofibres has been shown to be correlated with surface area 
dependant geometry of deposited platinum nanoparticles [156], [162]. Even though stability 
was achieved, Pt mass loading remained equal to the Pt/C standard (20 wt% Pt).  
Hierarchical Pt grafted on N-doped mesoporous C nanofibres were reported with a high surface 
area (685 m2∙g-1), low Pt content (2.04 % Pt), and enhanced electrochemical performance in a 
PEMFC (Eonset 0.993 V vs. RHE, E1/2 0.911 V vs. RHE, max. power density 0.427 W∙cm-2) 
[184]. These properties were achieved by surface functionalization of the nanofibres before 
deposition of Pt nanoparticles via a wet chemistry reduction process. This obtained hierarchical 
Pt grafted on N-doped electrospun fibres with an enhanced triple-phase boundary for ORR, 
leading to a more efficient absorption-reaction-desorption rate [184]. 
Hollow porous carbon nanofibres have also been synthesized using a coaxial electrospinning 
process, using two electrospinning solutions with different polymers (PAN and PVP) [183]. 
After a stabilization process, PVP was decomposed leaving hollow PAN nanofibres for 
subsequent carbonisation and deposition of Pt nanoparticles (mass loading 19.78 wt% Pt) [183]. 
The electrochemical performance in a half-cell setup was lower (Eonset 0.895 V vs. RHE, E1/2 
0.763 V vs. RHE, ECSA 73.96 m2∙g-1) compared to Pt/C (Eonset ~ 1.0 V vs. RHE, E1/2 ~ 0.8 V 
vs. RHE, ECSA ~ 80 m2∙g-1) [156] but better stability was achieved (DE1/2 shifted 57 mV vs. 
165 mV after 10,000 cycles).  
Another mesoporous hollow C nanofibre used as a support for Pt nanoparticles was reported 
by Karuppanan et al. [185] This composite exhibited high surface area (780 m2∙g-1), low 
platinum content (2.53 %) and synergetic electrocatalytic activity due to N-doping of C fibres 
(2.8 % pyridinic). In addition, similar onset and half-wave potentials (Eonset 0.99 V vs. RHE, 
E1/2 0.92 V vs. RHE) were measured compared to a Pt/C standard. Though this material had a 
low Pt content, a higher ECSA (98.8 m2∙g-1) was demonstrated. Accelerated degradation tests 
showed enhanced retained current density (86.1 % after 30,000 s) and low half-wave potential 
shifting (28 mV after 10,000 cycles), proving enhanced stability of platinum in this matrix due 
to stabilization of nanoparticles and high accessibility for O2 on the C support.  
Palladium contained in C electrospun nanofibres were synthesized as a support for Pt, 
accomplished via electrospinning and pulsed electrodeposition of the active Pt particles [186]. 
As a Pt-group element, palladium has the same outer-shell electron configuration as Pt and has 
been proven to be capable of acting as an efficient electrocatalyst for ORR. With this simple 
synthesis process, mass loading of platinum was reduced and cell activity remained stable, Pd 
could have also acted as an active site for oxygen, but unfortunately, Pd loading was not 
disclosed by the authors [156,186]. Electrochemical properties measured in a PEMFC lead to 
comparable properties (ECSA 53.3 m2∙g-1, OCP 0.98 V, maximum power density 0.682 W∙cm-
2) with the state-of-the-art electrocatalyst and higher stability with low mass loading. Stability 
assessed via ADT shows a retained power density of 87 % after 10,000 cycles; this could be 
attributable to multiple catalytic sites (Pt and Pd) and chemical stability provided by Pd/C 
surrounding Pt nanoparticles. 
Via a two-step synthesis method by electrospinning and atomic layer deposition, successful 
deposition of Pd nanoparticles on N-doped C nanofibres was reported by Khalily et al. [187]. 
Atomic layer deposition (ALD) gives the unique advantage of precisely controlling the growth 
of nanoparticles on the surface of any substrate. The porosity of nanofibres can be diminished 
by atomic deposition, as exposed in this work (surface area 63 m2∙g-1), but with the advantage 
of lowering Pd loading (0.324 % Pd) and providing electrocatalytic activity towards ORR 
(Eonset 0.936 V vs. RHE, E1/2 0.769 V vs. RHE) [187]. Similarly to Pt, N-doping on the fibres 
provides a synergistic interaction with Pd during ORR catalysis; nonetheless, no stability test 
was shown, which might indicate low stability of this material.  
Recently, PtPd alloy nanoparticles were supported on the surface of N-doped C nanofibres by 
Li et al. [179], exhibiting comparable onset (0.970 V vs. RHE) and half-wave (0.840 V vs. 
RHE) potentials to 20% Pt/C. Again, no stability in acidic conditions was demonstrated in this 
work, which could hint a poor resistance under acidic conditions [156,179].  
The performance of the materials discussed in this sub-section are summarised in Fig. 10(a) 
shows the relation of Pt mass content with onset and half-wave potentials, showing some 
materials with lower Pt mass loading can achieve high activity, demonstrated by the onset and 
half-wave potentials) [156]. Fig. 10(b) shows the correlation between ECSA, E1/2 and max. 
power density. It is easy to distinguish that materials with higher OCP have lower power 
density and vice-versa. Perhaps in order to optimize and improve performance an equilibrated 
correlation must be reached as seen on the material with ECSA ~ 55 m2∙g-1, OCP ~ 0.98 V and 
max. power density ~ 0.7 W∙cm-2. 
 
Fig. 10. Electrochemical activity comparison of Pt supported on different materials for cathode application in fuel cells: 
(a) Pt content vs. onset and half-wave potential and (b) electrochemical surface area vs. half-wave potential and 
maximum power density in a fuel cell. 
4.4 Self-supported oxygen electrocatalysts 
Platinum-free self-supported ORR electrocatalysts is currently a large and popular field [188]. 
The focus on developing new and sustainable materials for potential application in fuel cell 
cathodes improves the economic viability of this technology, making it more attractive for 
industry and final users [156,188]. Transition metal doped carbon materials have been widely 
studied during recent years, showing promising results for application in devices [188]. 
Likewise, co-doped C materials with multiple transition metals (iron and cobalt being the most 
popular elements), and transition metal and heteroatom co-doped C materials (usually with 
nitrogen) have received a lot of attention [162–164]. Transition metal-doped C materials 
regularly exhibit similar ORR electrocatalytic activity to Pt based materials and often better 
stability, especially when these are C based, doped with Fe and N [189–192]; electrocatalytic 
activity and stability of these materials is enhanced by Fe-N co-doping of C fibres. This is 
mostly a consequence of the presence of Fe-N4 coordinated sites (similar to haemoglobin) and 
pyridinic-N sites (electron density redistribution due to difference in electronegativity between 
N and C) which increases oxygen absorption and can act as catalytic sites, providing low 
resistance to charge transfer from catalyst to absorbed oxygen [189–192].  
Electrospinning is not exempted as a synthesis method for metal and heteroatom-doped C 
materials, providing the opportunity to manufacture fibres with high surface area and excellent 
electric conductivity, as well as controlled morphology [189,193,194]. 
Catalytic site precursors are usually mixed with the electrospinning polymer solution before 
spinning [189,193,194]. Thermal treatment conditions for doping and carbonisation processes 
play a fundamental role in synthesis. Most commonly, Fe and N containing C nanofibres are 
reported with differing treatment steps applied after the electrospinning process (thermal 
treatment with ammonia, pyrolysis, sintering, impregnation, acidic etching, wet chemistry 
surface activation, grinding, high energy ball milling, photo-curing, and MOF templating) 
[189–191]. Regularly, Fe-N, Fe-Co alloy nanoparticles, Fe-Co-N co-doped C nanofibres 
exhibit similar electrochemical properties to commercial ORR electrocatalysts in acidic and 
alkaline media and better stability (retained current density > 90 % and DE1/2 shifting < 10 mV 
after ADT) [189,194–197]. 
A very interesting example of this type of materials is shown in Fig. 11, synthesized using 
electrospinning and precursor coating by Lee et al. [198] The electrospun porous tri-doped 
fibres clearly show Fe, N and F content on the carbonaceous matrix (Fig. 11(c-f) and linear 
sweep voltammetry (LSV) measurements show a half-wave potential difference against Pt/C 
of just 11 mV (Fig. 11)). Additionally, with an onset potential of 0.9 V vs. RHE, diffusion-
limited current density of 5.23 mA∙cm-2 and a determined electron transfer number of 4, these 
electrospun fibres behave just as well as Pt/C according to Fig. 11(e). Finally, stability after 
ADT (10,000 cycles) shows a shifting of the half-wave potential of only 9 mV, much lower 
than Pt/C which (42 mV). In addition to Fe-N4 coordinated active sites, pyridinic nitrogen and 
F-doped carbon fibres can act as additional active sites that have shown a synergistic positive 
behaviour with Fe-N.  
 
 
Fig. 11. (a and b) SEM micrographs of tri-doped Fe/N/F nanofibres, (c) to (e) TEM low- and high-resolution 
micrographs, (f) TEM-EDS mapping, (g) LSV measurement and comparison between similar materials, (h) onset and 
half-wave potential comparison and (i) stability comparison of the material before and after ADT [198].  
Less common electrospun materials have been studied recently such as transition metal oxides 
[193,199–202]. Advantages of metal oxides are their chemically stable structure, easy 
tunability of electronic properties and electrocatalytic bi-functionality towards ORR and the 
oxygen evolution reaction (OER), providing application in water electrolysers (PEMWE) and 
metal-air batteries [193,199–202]. Huang et al. [34] grew ZnCo2O4 and NiCo2O4 nanowires on 
the surface of electrospun C fibres with an additional co-precipitation step during synthesis. 
Efficient oxygen catalysis under alkaline conditions was achieved (Eonset -0.18 V vs. Ag/AgCl, 
JD ~ 4 mA∙cm-2 and naverage 3.7) with low metallic content (2.1 % Zn, 1.1 % Ni and 2.3 % Co) 
and better stability than Pt (retained current density after 10,000 s of 70 %) [34]. Even though 
good electrocatalytic activity was demonstrated, stability measured by chrono-amperometric 
testing after almost 3 h decreased the diffusion-limited current density by 30%, which on 
extrapolating to long-term testing could mean the ORR activity would drastically reduce. 
Other metal oxides demonstrated in the literature were electrospun manganese oxide nanofibres 
produced using electrospinning and thermal oxidation, sacrificing the polymeric phase of the 
nanofibre and allowing the formation of oxides and shrinking of fibre diameter [193,203]. 
Nonetheless, as reported in half-cell alkaline testing, electrocatalytic activity towards ORR is 
not comparable to Pt (Eonset -0.25 V vs. Ag/AgCl, and n ~ 3.7) [203] probably due to high 
charge transfer resistance (6,492 W) [193]. Even though Mn can behave as an active site for 
ORR, metal oxides are well known to have poor electric conductivity; hence, this very high 
charge transfer resistance of the order of kilo-ohms. A superior way to use these materials for 
oxygen electrocatalysis would be to synthesize metal oxide nanoparticles and disperse them on 
a conductive powder, such as with Pt/C [156].  
Hierarchical NiCo2O4 was synthesized by using a multistep process including electrospinning, 
sintering and co-precipitation [145]. Low content of transition metals (5% Ni and19 % Co) 
achieved a preferable ORR mechanism towards the 4-electron pathway with an efficient 
electron transfer number of 3.91 and low onset and half-wave potentials of -0.17 and -0.21 V 
vs. Ag/AgCl, respectively, in alkaline conditions. Stability shows a retained current density of 
95% after 50,000 s according to chrono-amperometric testing. This electrospun material shows 
fast kinetics with a half-wave potential very close to its onset potential (4 mV), leading to ORR 
mainly controlled by mass transport of the species. Electrocatalytic activity could likely be 
improved in the future by increasing porosity and surface area of the material (currently 60 
m2∙g-1) using a soft-templating approach. 
In general, many electrospun materials for ORR applications containing transition metals and 
heteroatoms have been synthesized over the last few years (See Table S.1 Section B). Key 
results exhibit a potential application in fuel cells by improving stability and tackling the cost 
of Pt-based cathodes. Fig. 12 shows a key parameter comparison between Pt-free materials in 
alkaline and acidic conditions. As seen in Fig. 12(a-c), most of these materials exhibit an onset 
potential above 0.9 V vs. RHE and half-wave potential above 0.8 V vs. RHE, fast kinetics and 
desirable performance, regardless of electrolyte pH. Nonetheless, Fig. 12(d and e) show high 
stability after ADT (above 5,000 cycles) and chrono-amperometric testing (t > 30,000 s) of 
only a few of these materials. Unfortunately, few of these electrospun electrocatalytic materials 
are stable under ORR conditions for extended periods, or their activity is not demonstrated 
beyond many cycles or extended timescale by the authors. 
 
Fig. 12. Pt-free self-supported electrospun materials (a) surface area vs. onset potential comparison, (b) surface area vs. 
half-wave potential (alkaline and acidic) comparison, (c) half-wave vs. onset potential (alkaline) comparison, (d) half-
wave potential shifting after ADT comparison and (e) retained current density after chrono-amperometric testing 
comparison. Testing in alkaline and acid conditions is differentiated using circle and triangle symbols, respectively. 
Nevertheless, it should be taken into under consideration that few of these electrospun materials 
have been tested in actual acidic or alkaline fuel cells, with the majority of this data coming 
from half-cell measurements. Performance of fuel cell materials in operating devices can differ 
drastically to rotating disk electrochemical tests due to mass transport and contact resistance 
considerations [192], and so caution should be used when novel materials demonstrate good 
performance in half-cell testing. Full fuel cell testing is recommended to fully evaluate the 
performance of Pt-free catalysts for the ORR; however, it is hoped that at least some of the 
promising materials reviewed here will translate into technological PEMFCs. Additionally, the 
flexibility of the electrospinning approach in allowing tuneable microstructural properties in 
tandem with chemical control means that it is entirely feasible that electrospun catalysts could 
be further optimised for the operating environment of fuel cells in the near future. This 
highlights a key benefit of electrospinning over other synthesis routes towards Pt-free 3D 
catalysts [192]. 
Finally, fully metal-free electrospun materials emerge as another plausible option to substitute 
Pt in fuel cell cathodes[162–164]. Mainly, nitrogen-doped C porous nanofibres have been 
reported during recent years[162,163]. 
Recently, multiple heteroatom doped C nanofibres with good stability and electrocatalytic 
activity have attracted attention due to their facile few-steps synthesis [9]. A very interesting 
approach using electrospinning for production of N-doped carbons on TiO2 nanofibers was 
reported by Hassen et al. [204]. This simple electrospinning and thermal processing achieved 
high surface area due to dominant mesoporosity (188.6 m2∙g-1), high N content (8%) in the 
sample and a retained current density higher than platinum after ADT (83.5% after 30,000 
cycles) [204].  
A very interesting and novel example of metal-free electrospun fibres for ORR was published 
by Gong et al. [164]. Nitrogen and fluorine co-doped carbon nanofibres were synthesised via 
a facile electrospinning method and subsequent thermal treatments. The nanofibers obtained 
showed an outstanding surface area of 709.78 m2∙g-1, with 2.06% N and 2.81% F content. This 
metal-free electrocatalyst showed good electrocatalytic activity in acidic and alkaline 
conditions (onset potential 0.94 (alkaline) and 0.635 (acidic) V vs. RHE, half-wave potential 
0.81 (alkaline) and 0.257 (acidic) V vs. RHE, diffusion-limited current density 4.9 (alkaline) 
and 4 (acidic) mA∙cm-2, electron transferred number 3.75 (alkaline) and 4 (acidic) [164].  
In Fig. 13(a and b), inherent porosity of the N, F co-doped C fibres can be distinguished by 
BET measurements. This characteristic provides accessibility for O2 to reach N-C and F-C 
active sites [164]. Fig. 13(c and d) show TEM micrographs of these fibres exhibiting 
amorphous and graphitic domains. Electrocatalytic performance and efficiency are shown in 
Fig. 13(e to g), demonstrating comparable LSV curves with Pt/C standard and the preferred 4-
electron pathway with low H2O2 yield. A high H2O2 indicates the prevalence of the two-
electron pathway; however, it should be noted that the thickness of the film used in RDE testing 
can mask the true production of peroxide intermediates and so this should always be taken into 
account when assessing the selectivity of such materials for the four-electron pathway 
[205,206]. Stability after 10,000 s is superior to Pt/C standard, with a retained current density 
of 95.7% [164]. Differences in electronegativity between C, N and F might promote electron 
density redistribution on carbons surrounding pyridinic and graphitic N and F and, as a 
consequence, generating Lewis acidic sites where O2 absorbs and desorbs with an efficient 
electron transference from these sites. 
 
Fig. 13. (a and b) SEM micrographs of N/F co-doped nanofibres, (c and d) TEM micrographs, (e) LSV under oxygen 
reduction reaction conditions for N/F co-doped nanofibers and Pt/C, (f) LSV at different rotation speeds for Koutecký–
Levich analysis, (g) electron transfer number vs. H2O2 yield at different applied potentials and (h) current-time (i vs. t) 
chrono-amperometric response for stability testing. Reproduced from Ref. [164] with permission from Springer Nature. 
These reports show that metal-free electrospun materials should be considered as potential 
materials for substituting Pt in fuel cell cathodes, and more testing and understanding of 
performance in an actual fuel cell should be carried out in future investigations. 
4.5 Conclusions and outlook 
During recent years of research on the potential application of electrospun materials for ORR 
in cathodes of fuel cells, efforts have focused on developing porous and conductive materials 
that can provide Pt of higher stability and oxygen accessibility to Pt active sites. Great 
improvement in these parameters have been achieved, leading to increased durability and, 
hence, potentially a reduction in the cost of maintenance or substitution of cathodes in operating 
fuel cell MEAs. 
A huge effort has been invested in developing transition metal electrospun nanofibres as a 
lower-cost and industrially scalable option. Unfortunately, these materials usually are not tested 
in a fuel cell setup and most of the data correspond to half-cell measurements in acidic or 
alkaline conditions. Metal-free electrospun materials are currently underdeveloped for actual 
fuel cell applications, largely because of the focus of the oxygen catalysis field towards other 
fabrication techniques of heteroatom-doped carbons for these purposes. Nonetheless, transition 
metal and heteroatom doped electrospun materials show good ORR activity, and broader 
knowledge should be developed for their application in devices to optimize parameters in an 
actual fuel cell (catalyst mass loading, free-standing MEA assembly, ink formulation, 
electrocatalytic surface area, etc.) and standardized procedures for testing Pt-free materials in 
them should be developed, noting the common issues with testing in a half-cell environment 
[205,206].  
In general, electrospinning should be considered as a promising option for mass production of 
cathodes for low-temperature fuel cells. Extra benefits of this manufacturing process of high 
surface area and conductive nanomaterials is the ability to produce free-standing electrodes 
that could act simultaneously as a GDL with tuneable microstructural properties and a self-
supported cathode for these energy devices. 
5. Metal-air batteries and beyond 
5.1 Introduction 
In the early 2000s, research in electrospun carbon fibres was primarily concerned with 
understanding the critical operating parameters, characterizing mechanical properties and 
exploring the morphology of carbon in the fibres [207]. The high surface area of electrospun 
carbon fibres piqued interest in using the material as a hydrogen storage structure, and work 
activating the surface of the fibres with KOH, NaOH, and K2CO3 soon followed [208]. 
Techniques to produce hollow, porous, and ribbon-like fibres were developed, as well as 
composite fibres of polymer blends. Fibres with electrochemical activity have been created by 
incorporating metal salts in the electrospinning solution. The inclusion of these compounds has 
been shown to increase porosity, with pore space forming as metal particles are produced 
during pyrolysis [209]. 
Recently, research efforts have explored integrating catalytically active fibres into metal-air 
batteries. Metal-air batteries are electrochemical cells that produce electricity by oxygen 
reduction at the cathode and metal oxidation at the anode. Atmospheric oxygen diffuses into 
the cell through a porous gas diffusion layer, reaching active sites in the catalyst layer where 
the oxygen reduction reaction proceeds. Their high energy density and low cost make metal-
air batteries attractive options for energy storage. As the oxygen supply from the air is 
effectively infinite, the capacity of a metal air battery is determined by the amount of anodic 
metal in the cell. Lithium and zinc are the most developed metal-air battery technologies. Zinc-
air batteries utilize an alkaline aqueous electrolyte, typically KOH. The reactivity of lithium 
makes electrolyte design in lithium-air batteries more complicated. Some of the challenges in 
developing metal-air batteries are expensive catalysts such as platinum and iridium, electrolyte 
degradation, and passivation of catalyst and anode materials as discharge products accumulate 
on the surfaces [210]. 
Research in applying electrospun materials to lithium- and zinc-air batteries is primarily 
focused on fibres employing transition metals and/or nitrogen-carbon heteroatoms embedded 
on the fibre surface to replace the conventional precious metal catalyst layer on the cathode. 
Different transition metals, such as cobalt, nickel, and lanthanum have been explored, as well 
as nitrogen-doped fibres. A common observation throughout this research has been that 
catalytic activity increases with the amount of surface area (i.e., the number of active sites 
available) for all catalytic materials explored, which is expected. In addition to their use as 
catalyst materials, electrospun fibres are being investigated as gas diffusion layers for metal-
air batteries, taking advantage of their open-pore structure. The ability to electrospin different 
polymers has prompted research in diffusion layers composed of functional fibres. 
5.2 General overview of electrospun material production 
There is a great deal of work exploring the efficacy of metal-doped carbon nanofibres as 
catalyst/catalyst support materials for metal-air batteries [211–216]. Production of these fibres 
is relatively straightforward; a homogeneous solution of polyacrylonitrile (PAN) and transition 
metal salts (e.g., hydrated cobalt acetate, iron(III) acetylacetonate) dissolved in DMF is 
extruded from a needle to a collector, producing a sheet of uncarbonized PAN fibres with metal 
salts distributed throughout the fibre’s volume. Other compounds may be added to the 
electrospinning solution, such as cellulose acetate [211] or [3-(2-
aminoethylamino)propyl]trimethoxysilane (AEAPT), a ligand [212], to change fibre 
morphology or metal particle distribution, respectively. After spinning, fibres are carbonized 
in a multi-stage fashion. The first step, a “stabilization stage” between 220 °C and 280 °C for 
1 to 4.5 hrs, and a second carbonisation step pyrolyzing fibres at 800 - 1,000°C under an inert 
atmosphere of N2 or Ar. Heating rates are variable, between 1 and 5 °C∙s-1. Though not common, 
carbon fibres can be produced from PAN with one high-temperature treatment under an inert 
atmosphere, forgoing the stabilization stage [216]. 
These carbonisation/pyrolysis techniques produce carbon fibres with high purity and an 
amorphous carbon core surrounded by a shell of graphitic carbon. The inclusion of metal salts 
in uncarbonized PAN fibres produces carbon fibres with metal particles embedded in the fibre 
surface and fibre bulk. During the high-temperature pyrolysis step, metal precursors 
decompose, creating pore space and producing fibres with higher specific surface area than 
solid carbon fibres produced from pure PAN. High surface area materials have been shown to 
more effectively catalyse reactions at the cathode due to their greater number of active sites for 
reactants. Embedding transition metals and metal oxides in carbon fibres creates a catalytically 
active material with improved conductivity [216]. 
Although mats of carbon fibres produced from electrospun PAN form free-standing sheets, 
research in catalytically active electrospun materials for metal-air battery cathodes often 
involves grinding the carbon fibres, distributing the particles in a solvent with a binder 
component (e.g., PTFE or Kynar 761) and applying them to an electrode surface with either a 
doctor blade or spraying technique to create a catalyst layer [212,217]. Unless otherwise 
mentioned, this is the technique used to test the electrochemical performance of the electrospun 
materials reviewed in this work [212,214,216]. 
5.3 Common characterization techniques for electrospun materials 
As more research investigating electrospun materials for metal-air battery applications has been 
published, a standard set of characterization techniques have emerged. XRD patterns are useful 
in determining the morphology of the carbon in the fibres [211–213,215]. A broad peak at 26° 
corresponds to the (002) plane of graphitic carbon composing the outer layer of the electrospun 
carbon fibres. Not only is a graphitic layer of carbon formed during carbonisation, but the 
inclusion of metal particles has also been shown to catalyse the formation of graphite [218]. 
This was demonstrated by Martinez Crespiera et al. in their work developing Pd-doped carbon 
fibres for Li-air batteries [212]. XRD patterns of Pd-doped fibres with poor Pd distribution did 
not feature a strong graphitic carbon peak. Peaks from the metals and metal compounds present 
in the XRD patterns are useful in confirming the components present in the final carbon fibre 
product. The ability to identify and differentiate between MnS and MnO peaks on XRD 
patterns allowed Wang et al. to infer that sulfur in the thiourea incorporated into the 
electrospinning solution reacted with Mn, resulting in a final product containing MnS rather 
than MnO [216]. HRTEM images of the fibres revealed Mn and S signal at the same location, 
and no relationship between carbon and sulfur, indicating fibres contain primarily MnS rather 
than sulfur-carbon complexes [216]. 
X-ray photoelectron spectroscopy (XPS) is often coupled with XRD in compositional analysis 
of doped electrospun carbon fibres, particularly to gain insight into the heteroatoms created 
during pyrolysis [213–216]. Using XPS to analyse cobalt and cobalt oxide doped fibres, Hyun 
and Shanmugam were able to identify the various forms of cobalt in the final product, as well 
as the specific N-C heteroatoms formed [215]. XPS spectra illustrated that graphitic-N and 
pyridinic-N are the two common heteroatoms present in their final product, an important result 
as they have been shown to enhance the limiting current density and improve the onset potential 
of the oxygen reduction reaction, respectively [215,219,220]. This result is repeated in Fe- and 
Ni-doped fibres, as presented in the research of Ji et al. [211]. The shallow depth of 
investigation inherent to XPS is also useful in characterizing doped carbon fibres. As Huang et 
al. point out, the transition metals used to produce electrochemically active electrospun carbon 
fibres tend to oxidize, but the presence of signals from the pure metals on the XPS spectra in 
addition to peaks from metal oxides, allows one to infer that the particles may have a metal 
oxide shell and that the shell is either incomplete or only a few nanometres thick [213]. 
A shared finding from the research in metal-doped electrospun carbon fibres is an increase in 
specific surface area due to the formation of pores as precursor metal salts decompose during 
pyrolysis [212,215]. BET analysis of N2 adsorption isotherms is commonly employed to 
estimate specific surface area, and qualitative analysis of adsorption isotherms is useful in 
identifying mesoporous materials. Solid electrospun carbon fibre materials contain macropores, 
supported by the Type 1 adsorption isotherms they exhibit. The inclusion of pore space in the 
fibres is apparent in their Type 4 adsorption isotherms that typically feature hysteresis, as well 
as their increased BET specific surface area [213]. Ji et al. have produced high surface area 
electrospun carbon fibre materials by growing carbon nanotubes from sites on the surface of 
the spun carbon fibres [211]. Higher porosity materials tend to facilitate oxygen dissociation 
to reaction sites, feature more sites for surface catalysed reactions, and have a higher capacity 
for discharge products that form on fibre surfaces [215]. 
There is a common set of electrochemical performance metrics used to evaluate metal-air cells. 
The onset potentials of the ORR that occurs during discharge and the oxygen evolution reaction 
(OER) when the cell is charged represent the voltages where the thermodynamic and kinetic 
barriers preventing the reactions are overcome, and a sharp increase in current is observed. In 
practice, ORR and OER onset potentials are lower and higher than the theoretical redox 
potentials of oxygen, respectively. It is desirable to maximize ORR onset potential, correlating 
to a higher operating voltage, and a minimize OER, meaning that cell charging is less inhibited 
by side reactions or discharge products. Charge and discharge potentials are important metrics 
and are similar in concept to onset potentials. The discharge potential is the voltage at which a 
cell spontaneously discharges for some current density, while the charge potential is the voltage 
required to promote the discharge products from their lower energy state. The difference 
between the two is referred to as the voltage gap, and minimization of this gap indicates better 
operating efficiency. The efficiency of cell operation is further characterized by the round-trip 
efficiency and the Coulombic efficiency metrics. Round-trip efficiency is the ratio of energy 
released in a discharge cycle to the energy input during a charge cycle. Coulombic efficiency 
is the ratio of discharge and charge capacity; the significance of Coulombic efficiency is 
illustrated in cycling experiments. As a cell undergoes a series of charge and discharge cycles 
losses attributed to coulombic efficiency compound, and the capacity retention of the cell after 
the final cycle may calculated by raising the coulombic efficiency to the nth power, where n is 
the number of cycles the cell has undergone.  
5.4 Electrochemically active electrospun fibres: Li–Air  
Work in integrating electrospun fibres doped with metals and metal oxides in lithium-air cells 
has resulted in higher specific discharge capacity, improved round-trip efficiency, and better 
cycling capabilities than unmodified electrospun carbon fibres, demonstrating their great 
potential as cathodes in metal-air batteries. CV experiments demonstrate higher limiting 
current density for ORR and OER reactions than unmodified ECNFs, and onset potentials 
comparable to Pt/C and Ir/C, respectively. The electrochemical advantages of doped 
electrospun carbon fibres vary depending upon the doping metals and fibre characteristics such 
as specific surface area and the presence of heteroatoms. Differences in the electrochemical 
evaluation parameters make direct comparison across published research difficult.  
Martinez Crespiera et al. developed an electrospun carbon fibre material doped with palladium 
to serve as a cathodic catalyst layer in a lithium-air battery. Their electrospinning process was 
similar to others outlined in Section 5.2, incorporating a Pd salt (Pd(Ch3COO)2) into the 
PAN/DMF solution, electrospinning the solution, and carbonizing the composite PAN fibres 
in a furnace under a N2 atmosphere, serving as a ‘one-step’ combination and formation of 
catalyst and support, as opposed to methods that first synthesise the catalyst particles, and then 
immobilise them on their carbon supports. In one sample a ligand that associates with Pd2+ ions 
was incorporated into the electrospinning solution and ultimately improved Pd particle 
distribution. Using XRD, the fibres were shown to contain Pd particles with a face centred 
cubic crystalline structure. Pd composite fibres exhibited higher specific surface area that 
increased with Pd acetate concentration. The pore size, however, did not scale with Pd 
concentration; it remained constant with an average pore size of 3.6 nm [212]. 
Electrochemical testing showed that the incorporation of Pd did not necessarily improve the 
discharge capacity, only the fibres with 7.06 wt% Pd had a higher discharge capacity than the 
bare carbon fibres. Pd particles did improve the Coulombic efficiency of the cathode material, 
increasing from 56% for bare carbon fibres to 95% for the 7 wt% Pd-doped carbon fibres. This 
is attributed to Pd embedded in the fibres to facilitate the decomposition of Li2O2 and other 
side products created during discharge. SEM images following a discharge cycle showed that 
Li2O2 forms in small grains on Pd sites with a nanocrystalline morphology, an advantage when 
charging as it is more readily decomposed than amorphous Li2O2 [221]. The lower charge 
potential reduces charge overpotential, side reactions during charging, and the accumulation of 
carbonate products (Li2CO3), leading to greater efficiency in the battery. 
The advantage of Pd particles on the surface of the carbon fibres is further illustrated by the 
cycling experiments in this work. The Pd-doped fibres that used a ligand had the smallest Pd 
particle size and lowest particle loading, but the best longevity. Charge potential of this sample 
was kept below 3.5 V for the first 20 cycles, whereas all other materials required a potential 
above 4 V. This too is attributed to the difference in morphology of Li2O2 that is formed on the 
cathode surface during discharge.  
Hyun et al. investigated cobalt and cobalt oxide particles on nitrogen-doped carbon fibres as a 
cathodic catalyst for lithium-air batteries [215]. Again, the formation of particles during 
carbonisation produced a high specific surface area fibre. Their pristine N-ECNF materials had 
a specific surface area of 29.5 m2∙g-1, while cobalt-doped fibres (Co/N-CNR), and cobalt-cobalt 
oxide fibres (Co-CoO/N-CNR) had a specific surface area of 370 and 373 m2∙g-1, respectively. 
The nitrogen-doped carbon fibres with cobalt and cobalt oxide particles, (Co-CoO/N-CNR) 
exhibited the best electrochemical performance. CV indicated that this material was the best 
bifunctional catalyst they tested, the ORR peak current density being ~ 37 mA∙cm-2 and the 
OER being -0.9 mA∙cm-2. The Co-CoO/N-CNR materials also delivered the highest discharge 
capacity, 10,555 mA∙h∙g-1 at a current density of 100 mA∙g-1, versus the 7,089 mA∙h∙g-1 of the 
N-CNR fibres. These fibres also had the highest discharge capacity as current density increased, 
the best cycle stability, and a round trip efficiency of 73.6%. The cycle stability of the Co-
CoO/N-CNR materials is higher than the Co/N-CNR material, indicating that the presence of 
Co and CoO particles together creates better bifunctional catalysts than Co particles alone. 
High rate capability is attributed to the improved oxygen diffusion and electrolyte saturation 
offered by the electrospun catalytic material, as well as the high specific surface area of the 
doped materials [215].  
Post-mortem analysis of the air cathode materials after cycling experiments illustrated why 
carbon fibres with cobalt and cobalt oxide performed the best. The pristine N-CNR material 
had an accumulation of Li2CO3 and Li2O2, covering catalytic sites on the carbon surface. Co 
and CoO particles in the Co-CoO/N-CNR material acted as nucleation sites for Li2O2, delaying 
the onset of complete surface coverage during discharge. This result has been replicated in 
other work investigating Co doped carbon fibers as air cathode materials, and is significant as 
the ability to continuously form and decompose Li2O2 improves rate capability and cycle 
stability [222]. Li2O2 has a higher energy of adsorption onto Co and CoO than carbon, limiting 
the formation of Li2CO3 in the doped fibres, which serves to improve cycling performance and 
limit parasitic side reactions. Li2CO3 is formed at the electrolyte - carbon fibre interface where 
Li2O2 is present (Fig. 14). 
  
Fig. 14. Examples of catalytically active electrospun fibres produced for lithium-air batteries. (a-d) and (e-h), SEM 
images of electrospun carbon fibres with Co particles, and the accumulation of Li2O2 on the Co during discharge, 
respectively. Reproduced from Ref [222] with permission from Springer Nature. Fibre diameters in (a) are indicted as 
roughly 350 - 400 nm and in (b) 600 - 675 nm. (i and j) SEM images, and (k) TEM image of electrospun carbon fibres 
with peapod-like carbon nanostructures on the fibre surface. Scale bars for (i) to (k): (i) 1 μm, (j) 100 nm and (k) 50 nm. 
Reproduced from Ref [211] with permission from American Chemical Society. 
Rather than increase the number of active sites through porosity developed within electrospun 
metal-carbon fibres during pyrolysis, Ji et al. produced electrospun carbon materials with 
embedded metal particles and peapod-like carbon nanotube structures on the fibre surfaces 
[211] (Fig. 14). This hierarchical architecture was formed during the carbonisation process. 
The electrospinning solution consisted of PAN, cellulose acetate and iron (III) acetylacetonate 
in DMF. The electrospinning process was standard, and materials were carbonised with 
melamine under a nitrogen atmosphere; melamine served to create nitrogen-doped carbon 
fibres [223]. The highest performing final product, CNT-CNFF-800, was shown to be quite 
flexible with diffusion properties exceeding the existing Pt/C and Ni-foam materials used as 
controls. Intentional formation of peapod like carbon structures on the fibre surface increased 
the specific surface area of the material; BET analysis found the surface area to be 220.24 m2∙g-
1. The electrospun materials were utilized as a free-standing electrode structure without 
incorporating a binder material. 
The electrode materials were then incorporated into a lithium-air battery and performance was 
compared to a similar cell with a conventional Pt/C cathode catalyst. The difference between 
charge and discharge voltages of CNT-CNFF-800 was 0.15 V, compared to 0.43 V for the Pt/C 
materials, demonstrating the bifunctional capabilities of CNT-CNFF-800, catalysing both the 
ORR and OER reactions. The CNT-CNFF-800 cell operated at a high voltage, ~ 3.4 V for more 
than 120 hr in open air [211]. 
Charge-discharge experiments showed that the CNT-CNFF-800 material is capable of 
relatively high current charge and discharge operation, and that the material catalysed the 
reduction reaction via the 4-electron pathway. Tafel plots of CNT-CNFF-800 and Pt/C had 
similar slopes, confirming that the two materials catalyse the ORR along a similar pathway. 
Cycling performance did decrease over time, after 21 cycles the overpotential had reached a 
value of 0.3 V. The authors attribute this to the formation of Li2CO3, and catholyte loss from 
the cell. The air cathode material in this work is unique in that it was a free-standing fibre mat 
that functions on a level comparable to conventional Pt/C catalysts. The ability to use an 
electrospun material as a cathode layer not only simplifies processing, but also highlights the 
ability of electrospinning techniques to produce porous materials that can be directly integrated 
into metal-air cells. 
5.5 Electrochemically active electrospun fibres: Zn – Air  
Composite electrospun fibres have demonstrated potential as replacements for high-cost 
platinum group metal (PGM) catalysts. Metal particles embedded in the fibre surface and fibres 
containing nitrogen-carbon have promising catalytic performance. Results illustrate that high 
surface area of the catalytically active fibres is critical, as fibres with embedded metal 
compounds outperform powders of the same material. Several of the materials discussed in this 
section are flexible fibre sheets, an uncommon characteristic in carbon fibres produced via 
pyrolysis. Additionally, several electrospun materials have been integrated into zinc-air cells 
as free-standing fibre sheets, an elegant alternative to catalyst layers composed of ground fibres 
and binder material. 
Manganese sulfide and metallic cobalt embedded nitrogen-doped carbon nanorods 
(CMS/NCNF) have been developed as a catalyst for zinc-air batteries by Wang et al. [216]. 
Cobalt acetate and manganese acetate were included in the PAN/DMF electrospinning solution. 
Sulfur was provided by thiourea in the solution; XRD and scanning transmission electron 
microscopy (STEM) showed that rather than form S-C heteroatoms, the sulfur associated with 
Mn in forming MnS. Mn embedded fibres without sulfur (CMO/NCNF) were produced for 
comparison, as were Mn embedded fibres without nitrogen-doping (CMO/CNF). Fibres 
containing sulfur were found to have a higher ORR onset potential than those without, and 
fibres without nitrogen doping or manganese performed worst of all, as no carbon-nitrogen 
heteroatoms were present to catalyse the reaction. A unique physical property of the 
electrospun catalyst was its flexibility; performance was maintained at high angle bending, 
leading to potential application in wearable or flexible devices. 
CV experiments showed that the CMS/NCNF catalyst layer had similar performance to 
conventional Pt/C catalysts, with an ORR onset potential of 0.969 V compared to 0.989 for 
Pt/C. The limiting current density of CMS/NCNF was slightly higher than Pt/C, 4.43 mA∙cm-
2 v 4.26, respectively. Of the novel catalyst materials produced, CMS/NCNF showed the best 
performance, indicating that the MnS particles possess better ORR catalytic performance. The 
electron transfer number for the CMS/NCNF catalyst was found to be 4 at potentials between 
0.5 and 0.65 V. The CMS/NCNF material outperformed conventional Pt/C catalyst in cycle 
testing, after over 100 hrs of 20-minute charge and 20-minute discharge cycles there were 
minimal voltage losses in the CMS/NCNF material. The conventional Pt/C catalyst was much 
less stable, lasting for less than 45 hours. 
Electrospun LaCoO3 embedded carbon fibres have been explored as cathode catalyst materials 
in zinc-air batteries. The work showed that embedded metal compounds in electrospun carbon 
fibres can have better catalytic activity than powder-based catalysts composed of the same 
metal compounds, and the authors attribute this to a higher specific surface area and a larger 
number of active sites. As has been shown in other work, the formation of metal compounds 
during pyrolysis creates a final fibre product with higher specific surface area and metal or 
metal oxide inclusions [214].  
The LaCoO3 materials did not outperform the conventional precious metal catalyst used as a 
reference. The PtRu/C catalyst material had an n value of 4.08 for the ORR, while the LaCoO3 
fibre n value was 3.43, indicating that the LaCoO3 does not catalyse the ORR along the same 
ideal four-electron pathway as Pt/C. The different catalyst loading of the materials developed 
in this work makes a direct comparison of electrochemical properties difficult. Tafel plots 
showed that ORR on the LaCoO3 carbon fibre materials had faster kinetics than the 
conventional PGM catalyst used. The higher conversion rate is attributed to the higher surface 
area and greater number of active sites in the LaCoO3 materials.  
Nitrogen-doped electrospun carbon fibres without embedded metals, are also being 
investigated as cathode materials for zinc-air batteries. Rather than electrospin PAN, Lui et al. 
spun polyimide (PI) and carbonized the fibres between 900 and 1,100 °C under an Ar 
atmosphere [224]. The result was a flexible mat of carbon fibres; unlike PAN-derived carbon 
fibres, which have a core/shell structure of amorphous and graphitic carbon. HRTEM showed 
that the PI derived fibres consisted of mostly amorphous carbon speckled with graphitic regions 
(Fig. 15). The fibres had a large specific surface area 1,249 m2∙g-1 and electrical conductivity 
of 147 S∙m-1, significantly lower than the conductivity of carbon fibre mats of electrospun PAN. 
The authors mention that nitrogen compounds formed during the pyrolysis of PI, NH3 and HCN 
for example, act as doping agents and that increasing the residence time of furnace gas 
increased nitrogen doping.  
 
Fig. 15. Examples of electrospun fibres produced for zinc-air flow batteries. (a and b), The advantage of supporting 
LaCoO3 on electrospun carbon fibres (a) rather than producing a porous LaCoO3 material (b) (insets: HRSEM images 
of samples). Reproduced from Ref. [214] with permission from Springer Nature. (c) SEM image of electrospun carbon 
fibres produced from polyimide (PI); (d and e), HRTEM images of the same fibre; (f) STEM image showing the 
elemental mapping in the fibre. Reproduced from Ref. [224] with permission from John Wiley and Sons. (g to j) 
Illustrates the ‘churros’ morphology fibres; (g) is the uncarbonized PAN/PS fibre and (h) is post carbonisation [225]. 
The fibres produced contained graphitic, pyrrolic, and pyridinic N-graphene heteroatoms. 
Graphitic-N composition increased with carbonisation temperature, an expected result as 
pyrrolic and pyridinic N-C moieties are less stable. The fibres carbonized at 1,000 °C (NCNF-
1000) showed better performance than conventional Pt/C catalyst in a zinc-air cell. The NCNF-
1000 fibres had a small voltage gap, with a discharge potential of 1.2 V and a charge potential 
of 1.93 V at 10 mA∙cm-2; the fibres were also exhibited good cycle stability, after 500 cycles 
the voltage gap increased by 0.13 V, while the Pt/C catalyst voltage gap increased by 0.38 V 
after cycling. The NCNF-1000 catalyst was shown to catalyse the ORR along a four-electron 
pathway, and the OER onset potential was lower than Pt/C.  
In 2013 Park et al. explored metal-free electrospun carbon fibres with a porous “churro-like” 
structure as zinc-air catalysts [225]. The fibres were produced from a PAN/PS blend, with the 
PS acting as a sacrificial element that decomposed during pyrolysis, leaving void space in the 
carbon fibres. The inner pore structure of the fibres (Fig. 15) is interesting in that it is linear, 
along the carbon fibre’s axis (hence the churro analogy); this is due to the difference in surface 
energy between PAN and PS. The formation of internal channels via electrospun a mixture of 
PAN and PS solution was also successfully formed with a higher concentration in the redox 
flow battery study, and coexist with micro-scaled bundle fibres [146]. While being electrospun, 
the difference in surface energy results in microphase separation. The specific surface area of 
the carbon fibres increased with pyrolysis temperature, reaching 1,271.2 m2∙g-1, determined by 
BET analysis of N2 adsorption. Additionally, as pyrolysis temperature increased, an 
improvement in the ORR onset potential and limiting current density was observed, the fibres 
carbonized at 1,100 °C (N-CFs-1100) were shown to have the best electrochemical 
performance of the materials produced. 
Electrochemical performance of the fibres with a churro morphology was comparable to Pt/C 
for the ORR reaction, OER performance was not presented in this work. The electron transfer 
number was found to be nearly 4 (3.7 - 3.8) for the N-CFs-1100. By varying the current density 
between 0 and 340 mA∙cm-2, Park et al. showed that the N-CFs-1100 had a similar peak power 
density to Pt/C, 192 mW∙cm-2 compared to 194 mW∙cm-2 of the conventional catalyst. The 
electrochemical performance of the fibres is attributed to graphitic nitrogen groups formed 
during carbonisation. The increased surface area of the N-CFs-1100 makes more of the 
graphitic-N sites available, accounting for the improved ORR activity of the higher temperature 
pyrolysis. 
5.6 Other applications of electrospinning to M-Air cathodes 
In addition to improving the electrochemical performance of metal-air battery cathodes, 
electrospun materials are being investigated as solutions to other metal-air battery challenges. 
Zinc-air batteries use an alkaline electrolyte, typically aqueous KOH. Carbon dioxide in the air 
reacts with the electrolyte, forming carbonates that reduce cell performance by reducing 
electrolyte conductivity, clogging pores, and decreasing active surface area. To limit the 
diffusion of CO2 to the electrolyte interface in the active layer, Huang et al. developed a 
polystyrene/polyethyleneimine (PS/PEI) composite electrospun membrane [226]. The amine 
groups in PEI polymers have been shown to be good low-temperature CO2 adsorbent 
materials.  
The electrospinning process employed to produce the PS/PEI fibres was straightforward, the 
two polymers were dissolved in DMF, producing a homogeneous solution that was then 
electrospun. The resulting fibre mat was dried to remove any residual solvent, but not 
carbonized. The membranes were produced to have 33, 50, and 60 wt% PEI. 
SEM images of the PS/PEI fibres showed a rough surface, which is ideal, increasing capacity 
for CO2 adsorption. The fibres also exhibited good CO2 selectivity, preferentially adsorbing 
CO2 over N2. Regeneration of PEI with adsorbed CO2 to its original state is a shortcoming for 
these fibres. CO2-breakthrough experiments were conducted with ambient air (400 ppm CO2) 
at various flow rates. It took 15 hours for CO2 to break through the 60 wt% PEI membrane with 
air flowing at 30 ml∙min-1. The membrane was “regenerated” by heating it to 70 °C to drive off 
adsorbed CO2; in subsequent trials, the breakthrough time was reduced to 6 and 3 hours. The 
authors attribute this to incomplete desorption of CO2, as well as degradation of PEI at 70 °C. 
A zinc-air test cell was developed and battery performance did improve with the PEI membrane. 
An experiment was conducted without the membrane and a gas mixture of 5,000 ppm CO2 and 
air (21% O2, 79% N2) to confirm electrolyte degradation caused by CO2. A white powder 
formed on the air cathode and zinc foil during discharge; energy dispersive spectroscopy (EDS) 
analysis indicated that the substance was likely K2CO2, formed via reaction of KOH and CO2. 
To replicate real-world conditions, a test gas mixture containing 400 ppm CO2 was used to 
compare cell performance with a gas mixture close to that of atmospheric air. Addition of the 
PEI membrane increased discharge capacity from 762 mA∙h∙g-1 to 801 mA∙h∙g-1 at a current 
density of 10 mA∙cm-2. The operating voltage of the PEI cell also increased slightly, from 1.24 
V to 1.27 V. Cycling tests with the air gas mixture did not show any benefit to including the 
PEI membrane, possibly due to the relatively low CO2 concentration. 
This work showed that zinc-air batteries can benefit from the use of CO2 adsorbing membranes, 
though more development is needed for the benefit to be substantial. The cyclability of the 
adsorbent membrane needs improvement for longer duration performance. However, this is a 
novel application of electrospun materials to zinc-air batteries and one that represents an 
exciting possible future research direction. 
Another application of electrospun materials to metal-air batteries is utilizing them as gas 
diffusion layer materials, in a similar manner to those used in fuel cells discussed in Section 
4.2. The high-density sheets of carbon fibres produced by electrospinning feature smaller fibres 
and a tighter pore structure than conventional carbon paper materials. Kim et al. have explored 
using electrospun carbon fibres as GDL materials, and have taken the additional step of 
texturing the surface of the spun carbon fibres to improve the transport of oxygen through the 
GDL [227].  
The electrospinning process used to produce mats of carbon fibres is standard, a solution of 
PAN and DMF was spun and subsequently carbonized to produce high purity carbon fibres. 
Metal moulds were produced by pressing a wire template of the pattern with alternating current 
flowing through it into a metal substrate. A line pattern mould and a pyramid patterned mould 
were produced and they exhibited an increase in surface roughness compared to the flat 
collector of over 1,000%. The pattern was transferred from the metal mould to the carbon fibre 
sheet by compressing the two together with at a pressure of 10 MPa at 50 °C.  
The concept of producing carbon fibre materials with a surface roughness is to promote 
turbulent flow, increasing the velocity and vorticity of gases flowing through the GDL. The 
pyramid patterned design exhibited the best performance in a lithium-air battery cell. It had the 
lowest IR drop of the three materials tested, and a higher ORR current density and onset 
potential. The authors attribute these results to improved diffusion velocity of reactants to the 
cathode. Additionally, COMSOL modelling demonstrated that the pyramid patterned material 
had the smallest internal volume, and highest fluid velocity with the most vorticity of the 
materials studied. A model material, named Model-3, had void space filled with randomly 
placed cylindrical structures such that its internal volume was the lowest of all the cases studied; 
this material exhibited a higher velocity, attributed to the reduction in internal void space. To 
further explore the effects of a reduced internal volume in the GDL, pyramid patterned 
materials were produced using 5, 10, and 15 MPa pressure. The 15 MPa material did not 
outperform the 10 MPa material, suggesting there is a limit to the amount that volume reduction 
can increase mass transport. This work illustrates the mass transport advantages that 
electrospun materials offer over conventional gas diffusion layers, an application of 
electrospun fibre sheets in metal-air cells that has yet to be fully explored. 
5.7 Conclusions and perspectives 
The facile synthesis of electrochemically active electrospun carbon fibres has resulted in a great 
deal of research for use as conventional PGM catalyst replacements. Not only do the carbon 
fibres act as supports for catalytic metal and metal oxide particles, carbon-nitrogen heteroatoms 
are also formed during their synthesis, further promoting ORR and OER reactions. The high 
specific surface area of composite fibres is a desirable result of metal particles formation during 
pyrolysis; the research reviewed here confirms that increasing the number of active sites 
available to catalyse oxygen reduction serves to increase the discharge capacity of metal-air 
cells. The role of metals and metal oxides in the fibres is complex, as they have demonstrated 
catalytic activity comparable to Pt/C for the ORR reaction while also mediating the 
accumulation of discharge products, increasing discharge capacity and reducing charge 
potentials. The improved decomposition of discharge products, such as Li2O2, increases cycle 
stability of cathode materials, and some of the work discussed in this section has produced 
materials with greater stability than conventional Pt catalysts. Metal-free carbon fibres with 
nitrogen-doping have shown bifunctional catalyst capabilities and could serve to replace both 
Pt/C and Ir/C as ORR and OER catalysts, respectively. The electrospun fibres also show 
promise as a gas diffusion layer material, and the possibility of adding functionality to fibres 
in this component of the cell is beginning to be explored. Much of work with electrochemically 
active electrospun fibres involves grinding the fibre sheets and applying them as a catalyst layer, 
similar to how platinum on carbon would be handled to produce a catalyst layer. However, 
free-standing sheets of electrospun fibres are showing promise as catalyst layer materials, 
eliminating material processing steps and potentially offering a more elegant cell design.  
6. Supercapacitors 
Supercapacitors (SCs), also called ultracapacitors or electrochemical capacitors, hold an 
important place in the field of energy storage due to their ability to charge and discharge at 
very high rates (beyond tens of Amperes per gram of active material). Developed at the same 
time as Li-and Na-ion batteries in the 1970s [228,229], their very long cycle life (beyond 
100,000 cycles, ~ 15 years) has always been attractive in applications where power pulses (> 
10 kW∙kg-1) are needed, for instance, to crank engines or recover braking energy. So far, their 
very limited energy density (~ 5 Wh∙kg-1) compared to other battery technologies (i.e. 150 - 
200 Wh∙kg-1 for Li-ion, 60 Wh∙kg-1 for Ni-metal hydride) restrains their application as a power 
source for portable devices in a world where electrical device portability becomes the new 
norm. Thus, they are currently used to increase efficiency and cyclability of battery-powered 
e-vehicles via hybridisation [230]. However, with the recent progress in the design of 
electrically conductive nanostructures, supercapacitors are now able to power e-vehicles in 
urban areas due to low range requirements (i.e. buses, taxis, ferries that can frequently recharge 
en route). Their faster charging rates allows the recovery of breaking energy, bringing 
environmental benefits through better air quality [231–234]. 
The charge storage mechanism of supercapacitors relies on various reversible phenomena. The 
most widely commercialised and studied supercapacitor type is called the “electrical double-
layer capacitor” (EDLC). It relies on the surface electrosorption of electrolyte ions on a porous 
surface. The majority of these capacitive materials are high-surface-area porous carbon 
materials. The CVs of such supercapacitor devices are nearly rectangular and the galvanostatic 
charge/discharge (GCD) profiles triangular, indicating very fast non-Faradaic charge transfer. 
However, other, so-called pseudo-capacitive, materials such as reversible surface redox (e.g. 
RuO2, MnO2, Ti3C2Tx MXenes) and intercalation compounds (e.g. Nb2O5) [235], comprise a 
growing proportion of the supercapacitor market and research. In contrast to battery-like 
materials, pseudo-capacitive materials exhibit redox processes which are not limited by bulk 
diffusion. Typically, the CV peaks are broader than diffusion-controlled peaks and the 
galvanostatic charge/discharge profiles exhibit rather elongated triangles. The distinction 
between the various charge storing mechanisms is crucial to improve the performances of 
supercapacitors. In the field of carbon materials, the presence of heteroatoms (e.g. N, P, S) 
embedded in the carbon framework can contribute significantly to the materials’ performance 
via pseudo-capacitance [236]. Therefore, the new generation of carbon materials must not only 
exhibit a tuneable porosity but also controlled surface functional groups for improved 
performance. As it will be shown in this section, electrospinning represents a very promising 
synthesis method to prepare carbon and carbon-transition metal-hybrid materials for 
supercapacitors. 
6.1 Challenges for the next generation of supercapacitive carbon 
electrodes 
To improve marketability ($∙Wh-1), the energy density of supercapacitors needs to be increased 
while keeping the costs low (Fig. 16a). As it is proportional to the electrode capacitance and 
the square of the cell voltage, the two main strategies to improve the energy density are to i) 
design porous materials with suitable pore size distributions and good electrolyte accessibility 
with better charge storage properties (capacitance increase) and ii) match the surface chemistry 
and pore size with high-stability electrolytes (cell voltage increase), employing organic 
solvents. Double-layer charge storage is maximised when the pore size approaches the 
unsolvated electrolyte ion size [237,238]. If this is achieved, the ions are forced by the electric 
field to enter the pores and lose part of their solvation shell. This desolvation mechanism 
reduces the ion-wall distance and increases the electrostatic interaction between the charged 
electrode and the ions and thus the capacitance. Thus, microporous (0.5 < d < 1nm) materials 
with relatively low pore volumes (< 0.5 cm3.g-1) are highly desirable to maximise capacitance. 
To allow the electrolyte penetration into these micropores, the surface chemistry of the material 
must allow the best wettability possible with the chosen electrolyte [239]. For aqueous 
electrolytes, the wettability of carbonaceous surfaces improves with the presence of 
heteroatoms (e.g. oxygen, nitrogen, phosphorus, sulfur) [240]. In the case of organic 
electrolytes, carbon surfaces free from labile polar functional groups are required as they were 
shown to be unstable at high voltages (beyond 2.5 V) [230]. In addition to a well-engineered 
carbon surface, the presence of a hierarchical porous structure comprising micro-, meso- and 
macropores facilitates the electrolyte diffusion into the micropores [241]. As a result of the last 
decade of research, graphene-based materials have emerged and shown great promise in high-
energy-density devices (> 60 Wh∙kg-1) due to their tuneable morphologies and surface 
functionalities [242]. Concurrently, the porosity development in activated carbons has become 
more efficient and a second generation of bio-based nanostructured carbons is becoming a 
sustainable alternative [243,244]. 
 
Fig. 16. (a) Gravimetric Ragone plot for various energy storage devices, (b) Ragone plot showing the variation of 
volumetric performances depending on the mass loading of active material, (c) volumetric Ragone plot for batteries and 
supercapacitors, (d) supercapacitive cell with film-coated carbon powder-based electrodes, (e) free-standing and flexible 
carbon nanofibre electrodes as electrodes in conjunction with a polymer electrolyte. 
The vast majority of commercially available porous carbon materials are synthesised by steam 
activation of lignin-rich agricultural wastes, typically coconut shells, to maximise the carbon 
yield. However, the high metal content of these starting materials form carbon materials of low 
purity which catalyse the decomposition of the organic electrolyte and lead to performance 
loss. Thus, high purity carbons are required for good cyclability and the removal of these metal 
impurities, performed after activation, increases the synthesis costs to 15 $∙kg-1 (in comparison 
to 10 $∙kg-1 for commercially available graphite for Li-ion) [244]. Commercial electrodes in 
supercapacitors consist of a carbon film coated onto a metallic current collector [245]. Prior to 
coating, the surface of the current collector is etched and modified by a coating of conductive 
carbon to improve the adhesion of the active material [229]. The active material is mixed with 
a polymeric binder and a conductive additive (CNTs or carbon black) to form a slurry that can 
be coated with a controlled thickness, rolled, and dried to form a porous electrode (Fig. 16d). 
The thickness of the electrode (active layer + current collector) in commercial devices ranges 
from 100 to 300 μm with a high porosity of 65 – 75%, densities of 0.7 to more than 0.9 g∙cm-3 
and mass loadings of 8 to 10 mg∙cm-2 per electrode [229,245,246]. Therefore, to enter the 
market, newly developed carbon materials must exhibit densities higher than activated carbons 
(~ 0.5 g∙cm-3), be functional with commercial mass loadings and use low-cost resources with 
low ash contents (Fig. 16 (b and c)).  
Electrospun carbon nanofibres (ECNFs) have been investigated extensively as new-generation 
electrodes for supercapacitors to replace the widely used powder-based, film-coated electrodes. 
Self-supported - also called free-standing - and flexible electrodes are sufficiently electrically 
conductive (< 1 S.cm-1) to not require additional metallic substrates. Thus, multiple process 
steps, such as current collector preparation, particle sizing and slurry coating, could be omitted 
through the nanofibre-based electrodes. In conjunction with a polymer electrolyte, the free-
standing ECNF mats may also be suitable electrodes for the next-generation of energy storage 
devices that will be flexible and wearable (Fig. 16e) [247]. However, in order for electrospun 
carbon nanofibres to be implemented in real-life devices, two main obstacles remain to be 
overcome. Firstly, on a microscopic level, the low density of (activated) ECNFs prevents them 
from being used as an alternative to the film coated electrodes because the attained loading is 
very low (1.0 mg∙cm-2). Secondly, on the nanoscopic level, the reliable large scale and 
continuous thermal conversion of electrospun carbon nanofibres with defined pore sizes 
remains to be demonstrated. Despite these shortcomings, activated ECNFs have already shown 
promising and reliable gravimetric performances of 150 - 200 F.g-1 in commercially feasible 
aqueous (i.e neutral pH), organic and ionic liquids electrolytes and these recent results have 
been exhaustively summarized in the literature [248]. Thus, ECNFs already outperform 
consistently commercially available powdered carbons which usually exhibit capacitance 
values around 100 F.g-1 in aqueous and 60 F.g-1 in organic electrolytes [249–251].  However, 
despite these results, understanding of the pore formation mechanisms is still lacking and 
systematic studies on how to reliably control the pore-size in the ion size range (0.5 - 2nm) and 
surface functionalities are needed. 
6.2 Tuning carbon nanofibre properties for supercapacitive 
applications  
Tackling the low-density of the nanofibrous network can be achieved by several means. The 
charge density of the spinning solution can be increased, affecting the elongation of the jet and 
producing nanofibrous networks with larger packing density [252]. As it affects solely the 
micrometer-sized pores, the density can be doubled without affecting the supercapacitive 
performances.  It is also possible to compress the electrospun mats to tune the density of the 
structure [253]. In this case the pressure must be carefully controlled to reduce the amount of 
micrometer-sized pores without transforming the fibres back into a non-porous film. Despite 
being promising, these two methods as yet have not been extensively reported and they should 
still be proven to be effective. 
The large void volume between the fibres in ECNF serve as electrolyte reservoir, which makes 
the micropores on the fibre surfaces directly accessible. This considerably shortens the ionic 
path and facilitates the penetration of the electrolyte inside the porous network compared to 
other porous carbons with tortuous porous networks. However, the microporosity within the 
fibres can still be tortuous and the effect of surface chemistry increasingly impacts the 
wettability as the pore size becomes smaller. As mentioned in the previous sections, 
microporosity in EDLC supercapacitive materials is often produced by chemical or physical 
activation. For chemical alkali metals activation, microporosity can be tuned by changing the 
cation of the activating agent. Using carbon xerogels as standard model carbon, it was shown 
that moving from Na+, K+, Rb+ and Cs+, the pores size could be tuned from 0.6 to 0.8 nm. The 
charge storage performances remain, however, to be tested [254]. Controlling precisely the size 
of the micropores using physical activation (i.e H2O or CO2) is still challenging. Other bottom-
up methods such as the synthesis of block-co-polymers such as PAN-b-PMMA could be shown 
to be promising but they need to be further investigated [255].  
The mechanical properties and microporosity of ECNF are tightly linked by the crystallisation 
degree of the material [256]. As a general rule, increasing the pyrolysis temperature promotes 
the formations of larger aromatic domains which stack into crystallites. This tends to close the 
micropores and reduce the overall porosity while increasing conductivity and mechanical 
properties. The crystallisation degree can also be tuned by using thermally stable precursors 
with various chemical structures. Amorphous polymers (i.e lignin, cellulose) will form non-
graphitisable hard carbons at high temperatures whereas semi-crystalline polymers such as 
PAN form large graphitic domains. The kinetics of crystallisation can also be tuned by applying 
sufficient pressure on the materials during thermal treatment as it reduces the mean interatomic 
distance [257].  It is also possible to tune the crystallinity by applying stress on aligned fibre 
mats during thermal treatment [258,259] or by aligning the polymer chains during the spinning, 
either by addition of unidirectional templates (i.e CNTs) or by elongating the jet using a 
rotating drum collector [260]. Finally, this relationship between crystallinity and microporosity 
shall be further understood in order to choose the adequate thermal treatment to each precursor. 
This would allow to tune nanostructures and maximise performances.  
 
6.3 Promising electrospun carbon nanofibrous architectures based 
mostly on EDLC capacitance 
One of the most widely used electrospinning solution systems to produce carbon nanofibres as 
supercapacitor electrodes is based on PAN dissolved in DMF, which is also widely used in 
electrospinning for RFB, fuel cell and metal-air battery applications, as already outlined. PAN 
is a chemically well-defined and structurally ordered synthetic polymer which is linear and rich 
in nitrogen (polar nitrile groups) [261]. Hence, the creation of microporous carbons is only 
achievable under harsh conditions with HCN as a toxic by-product [262]. However, the high 
content of nitrogen in the precursor yields pseudo-capacitive nitrogen functionalized ECNFs, 
which enable high capacitance values in aqueous electrolytes. Nitrogen functional groups 
provide a lone electron pair to the carbon network. This has the effect of modifying the bandgap 
of the overall material and increasing the capacitive ion sorption [263]. The pseudocapacitive 
signature of nitrogen functional groups is also often observed as a broad peak on a CV because 
the charge redistribution on the carbon skeletons makes the active sites merge into the same 
energy state [240,263].  
Electrospun PAN nanofibres were introduced by Kim et al. in 2003 who activated the precursor 
fibres by carbonisation in a mixture of 30 vol% steam and 70 vol% N2 for 30 min [264]. The 
resulting ECNF electrodes showed a maximum gravimetric capacitance of 173 F∙g-1 at 
0.01 A∙g-1 and 120 F∙g-1 at 1 A∙g-1 in an aqueous alkaline electrolyte (6 M KOH). Ra et al. 
modified the activation procedure of PAN-ECNFs [265]. They activated PAN-ECNFs with 
CO2 at 700 – 1,000 °C for four hours. These ECNF electrodes were tested in aqueous 1 M 
H2SO4 and 6 M KOH, and in 1 M tetraethylammonium tetrafluoroborate dissolved in 
acetonitrile. It was shown that an activation temperature of 900 °C yielded the best results in 
aqueous electrolytes exceeding 200 F∙g-1 at low current densities (< 0.1 A∙g-1) and retaining 
more than 150 F∙g-1 at a high current density of 50 A∙g-1 [265]. This was assigned to the 
development of (sub-)nanometre pores in combination with the high abundance of nitrogen 
surface functional groups (6.9 wt%), which give rise to pseudocapacitive contributions [265]. 
In organic electrolytes, the highest capacitance values of about 100 F∙g-1 at low current 
densities and still more than 70 F∙g-1 at a high current density of 50 A∙g-1 were attained by 
activation at 1,000 °C [265]. This was attributed to the well-developed pore size distribution 
with greater pore diameters (micro- and mesopores) accommodating the larger ions of the 
organic electrolyte. However, under these harsh activation conditions, only a minor amount of 
nitrogen functional groups remained (3.3 wt%) on the ECNF surface. Moreover, several 
activating agents were incorporated into the PAN-DMF electrospinning solution to increase 
the specific surface area. However, the resulting values of the capacitance and the energy and 
power densities do not exceed the results of physical activation by steam or CO2 [266–268]. 
Conversely, sacrificial templating with polymethyl methacrylate (PMMA) together with metal 
(Ni) doping has shown an improved rate capability compared to solely activated PAN-ECNFs 
[269]. 
Another type of precursor that is widely used in the preparation of ECNFs as supercapacitor 
electrodes are lignins [262,270–272]. Contrary to PAN, lignins are nature-made, oxygenated 
and amorphous biopolymers synthesized in a non-linear fashion via combinatorial oxidative 
coupling reactions in the cell wall of vascular plants (e.g. trees) [273]. This gives rise to 
biopolymers with a highly crosslinked and amorphous, three-dimensional structure. Thus, 
carbonisation without any additional activation step was shown to yield highly microporous 
and oxygen functionalized ECNFs [274]. This class of renewable polymer precursors is 
chemically highly variable depending on the plant source, extraction method and refinement 
procedure [152,275]. This gives rise to a vast array of different lignins with various chemical 
compositions and structural features [276]. Hence, revealing structure-property relationships 
in the field of electrospun lignin-derived carbon nanofibres (LCNFs) is complex and often 
highly dependent on the source of lignin used in the work [274]. 
The first reports of lignin-derived carbon nanofibres from lignin extracted with organic 
solvents (Organosolv process) via co-axial electrospinning were published by Lallave et al. in 
2007 [277], Berenguer et al. showed that microporosity develops intrinsically during 
carbonisation of lignin nanofibres, without any additional activation process which is related 
to the high oxygen content in lignins (up to 30 wt%) [278]. Furthermore, they showed that the 
porous LCNFs incorporate redox-active quinone-like functional groups which resulted in a 
high capacitance of 188 F∙g-1 at a low current density of 1 A∙g-1, dropping to 120 F∙g-1 at high 
current densities of up to 100 A∙g-1 in 1 M H2SO4 electrolyte [278]. The importance of the high 
oxygen content in the carbonised material for the capacitive performance as supercapacitor 
electrodes was highlighted more recently [151]. Therein, it was shown that highly porous, 
oxygen functionalized LCNFs can be efficiently produced by electrospinning lignin dissolved 
in NaOH(aq). Hence, forty times less activating agent was required compared to traditionally 
chemically activated carbons [151]. Furthermore, it has been described that the rapid 
evaporation of the aqueous alkaline solution during electrospinning promotes the development 
of porosity by increasing the interfacial surface between the activating agent and the carbon 
framework. This optimises the activation step by reducing the amount of activating agent 
needed to form high surface area materials [151,279]. A scheme of the CNF properties from 
PAN and lignins are provided in Fig. 17. 
 
Fig. 17. Relationship between precursor properties (left) and ECNF properties (right) for biomass-derived polymers and 
synthetic polymers such as PAN. Reproduced from Ref. [259,280] with permissions from John Wiley and Sons. 
To combine the merits of N-functionalization and a high degree of microporosity solely based 
on renewable precursors, Yang et al. blended lignin with the plant proteins (hordein/zein) 
achieving a maximum nitrogen content of only 1.9 at% with a moderately high specific surface 
area of 560 m2∙g-1 [281]. However, it was not the sample with the highest nitrogen (protein) 
content that showed the highest capacitance in 6 M KOH(aq) electrolyte, but the sample with 
the highest specific surface area (highest lignin content). This shows that blending two 
polymers with complementary chemical compositions might not be the most effective route 
towards well-engineered functional ECNFs for supercapacitors.  
Besides the use of ECNFs as the sole active electrode material, their use as electrically 
conductive scaffolds to produce transition metal oxide/hydroxide-carbon composite electrodes 
for supercapacitors is a promising strategy to increase the energy density. This approach 
increases not only the specific gravimetric (Wh∙kg-1), but also the specific volumetric energy 
(Wh∙m-3) density of the ECNF electrodes as metal oxides are much more dense than carbon 
materials. In particular, the low volumetric energy density of ECNF electrodes is a 
technological bottleneck for the industrial adoption of this new kind of electrode materials.  
6.4 Promising electrospun carbon nanofibrous architectures based 
mostly on pseudo-capacitance 
As previously mentioned, transition metal oxide materials possess pseudocapacitive properties. 
In electrically conducting materials and in materials with short separation between the active 
sites, the redox-active sites can interact with each other and form a broad energy band [240]. 
In conducting materials (e.g. metals and conducting polymers), this band corresponds to the 
delocalised electronic network. When the electrode is positively polarised and the overpotential 
is sufficient, the electrons from the ions are transferred to the material and merge into the broad 
band. The ion will adsorb on the surface, but the electron transferred by the Faradaic process 
will be directly transferred to the charging device. No charge is stored inside the conductor and 
the surface electron density only depends on the electrode polarisation coming from the electric 
field. In semiconductor materials with bandgaps, like the transition metal oxides, a slight 
overpotential of several hundreds of millivolts can in certain cases cause the electron to be 
promoted from the valence band to the conduction band. The overpotential set by the charging 
device leads to a polarisation of the material; this polarisation, depending on the permittivity 
of the material, can be extremely weak considering that the observation of redox reactions in 
the liquid phase is on the order of several volts. This polarisation will create electrostatic 
interactions on the surface of the material and a charge transfer might occur.  
MnO2 is considered to be one of the most promising electrode materials in supercapacitors due 
to its high abundance, low price and low toxicity [282,283]. The main drawbacks of MnO2 are 
its low electric conductivity and its instability during repeated charging and discharging due to 
dissolution which results in low durability. Combining MnO2 with ECNFs has been shown to 
be a viable route towards improved electric conductivity and stability upon cycling [284]. Ma 
et al. manufactured flexible LCNF mats by electrospinning aqueous solutions of Kraft lignin 
and polyvinyl alcohol (PVA) in order to use them as conductive substrates for MnO2 (Fig. 18a) 
[285]. After stabilization and carbonisation, MnO2 was deposited in a separate step by 
immersing a LCNF mat into aqueous KMnO4 solutions at 65 °C for four hours. The resulting 
composite electrodes were then tested in an organic electrolyte [285]. The maximum 
performance of 83.3 F∙g-1, 84.3 Wh∙kg-1, and the maximum power density of 5.72 kW∙kg-1 
were achieved by the composite electrode with an equal mass ratio of MnO2 to carbon. After 
10,000 cycles, the specific gravimetric capacitance value of the MnO2-ECNF 
composite decreased only by approximately 8%, which is promising. However, the volumetric 
energy and power density were not reported in this study. 
 
Fig. 18. Use of electrospun carbon nanofibres as electrically conductive scaffolds for the deposition of MnO2 (a and b), 
Ni(OH)2 (c) and NiCo2O4 (d) particles [285–288]. Reproduced from Ref [286] with permission from American Chemical 
Society. 
Zhao et al. fabricated hybrid hollow ECNFs which were decorated with MnO2 nanosheets (Fig. 
18b) [288]. The hollow structure was created by co-electrospinning PAN and PVP solutions 
followed by carbonisation at 800 °C under nitrogen. The formation of the hollow structure was 
due to immiscibility between PAN and PVP. The authors showed that the hollow hybrid 
ECNFs exhibited better capacitive performance (293.6 F∙g-1 at 0.5 A∙g-1 in 1 M Na2SO4 
electrolyte) compared to non-hollow fibres which was attributed to improved accessibility and 
better interfacial contact between the carbon nanofibres and the MnO2 nanosheets. 
Unfortunately, it is still challenging to reach similar performances as the MnO2 structure grown 
on other thin conductive substrates where the growth is much more controlled than on carbon 
substrates [289]. 
Ni(OH)2 and NiO are also promising redox-active compounds as they are abundant and hence 
low-cost materials. However, Ni2+ is classified as carcinogenic [290], which is a concern if an 
electrochemical cell fails and the cell interior gets exposed to air. Additionally, both 
compounds suffer from low electrical conductivity and instability during cycling due to large 
volume expansion [286]. In order to overcome the latter problems and take advantage of the 
redox-activity of Ni(OH)2, Zhang et al. grew Ni(OH)2 nanoplatelets vertically on ECNFs (Fig. 
18c) [286]. They deposited Ni(OH)2 on the pre-fabricated ECNF substrate via urea assisted 
precipitation reaction [286]. The ECNF networks were reported to facilitate the charge transfer 
across the electrode-electrolyte-interface and mitigating the large volumetric expansion of 
Ni(OH)2 upon cycling and hence improving the long-term stability [286]. However, the 
composite electrode was only tested in a three-electrode set-up with a platinum counter 
electrode and hence the electrochemical performance is not representative for an actual two-
electrode cell. Luan et al. deposited NiO nanoflakes on a carbon cloth substrate by a seed-
mediated hydrothermal method [291]. By combining the NiO-ECNF electrode with a reduced 
graphene electrode a supercapacitor was fabricated that could operate at a voltage of 1.7 V in 
1 M KOH(aq). The device achieved a high areal capacitance of 248 mF∙cm-2 and a high 
gravimetric energy density of 39.9 Wh∙kg-1 with a high mass loading of 5 mg [291].Tomboc et 
al. prepared hollow ECNFs using co-axial electrospinning method, with PVP in the core and 
PAN in the shell (Fig. 18d) [287]. After electrospinning, PVP was leached out by soaking the 
as-spun composite in water to obtain a hollow structure [287]. This is a more efficient and 
benign strategy to remove the template than the removal by thermal treatment as it is possible 
to recover the template from the aqueous solution in an additional step. The hollow ECNFs 
were ground and then dispersed in the precursor solution for the active material (NiCo2O4). 
This dispersion was then treated hydrothermally to create the final NiCo2O4-ECNF composite 
material. The hollow ECNFs provided a conductive network that enabled the movement of 
electrons from the active material to the current collector and electrolyte to the active material. 
However, the authors were not able to fabricate free-standing electrodes from these composite 
ECNFs.  
Finally, ECNFs have also been shown to improve the supercapacitive performances of other 
promising materials such as Nb2O5 and MXenes have emerged quite recently as highly suitable 
candidates as supercapacitor electrode materials. However, the synthesis of MXenes still 
requires harsh acidic conditions to open up the layered structures (i.e hydrofluoric acid), which 
clearly hinders their large scale applicability, unless other acids are found as replacement (i.e 
HCl) [292]. In order to make them available to the class of flexible electrodes, MXenes have 
been incorporated into PAN-ECNFs [293]. Levitt et al. showed that for this material it is 
preferable to incorporate the active material into the ECNFs rather than depositing it on the 
outside to improve durability and rate capability of the composite material [293]. In the case 
of Nb2O5, the ECNF allowed better stability of the material by creating electronically 
conductive pathways between the pseudo-capacitive Nb2O5 [294]. An inherent drawback with 
incorporating active materials into electrospun fibres is the limited achievable loading of active 
material in the fibrous material due to the high void volume. This is a common problem in 
electrospinning which arises from electrostatic repulsion on the collector due to charge 
accumulation [295,296]. This, however, may be mitigated by applying a progressively more 
negative potential to the collector in the course of the electrospinning process.  
6.5 Outlook 
Overall, ECNFs can be fabricated starting from various polymer precursors yielding different 
pore structures, surface chemistries and degrees of structural order. The flexibility of the 
electrospinning process makes it possible to manufacture composite electrodes with various 
fibre morphologies and chemical compositions, which show promising results by increasing 
the gravimetric energy density. However, data on volumetric energy densities and areal 
capacitance of electrodes are scarce for electrospun supercapacitor electrodes. This is a major 
gap in the literature, which needs to be filled. Finally, due to its versatility, low-cost and 
scalability, electrospinning will be the key enabling technology for the manufacture of flexible 
electrodes required for flexible and even wearable supercapacitors in the future.  
7. Overall summary and outlook 
In this review, the application of electrospinning has been summarised for four key 
electrochemical energy devices; RFBs, fuel cells, metal air batteries and supercapacitors. In 
RFBs, the use of electrospun materials was initially as a ‘catalyst layer’ to provide a high 
surface area additive to the commercial carbon fibre electrodes, before exploration of free-
standing electrospun electrodes aimed to entirely replace the commercial electrode structures. 
However, these early attempts suffered from poor mass transport properties, hindering their 
performance, particularly at high current densities or low states of charge. The research that 
has produced the best results in recent years has combined the advantages of small fibres from 
electrospinning with innovative ways to increase the porosity and permeability of the 
electrodes. Finally, use of alternative polymers to PAN is showing some early promise for 
increasing the surface functionality, and use of catalyst precursors in the electrospinning 
solution can produce nanoparticles to catalyse RFB redox processes. Future work in this area 
should always include some aspect of full cell testing as the microstructure of ECNFs can have 
a large bearing on the mass transport properties of the electrodes, which is missed when testing 
with CV only. In addition, where possible, a combination of 3D characterisation (using e.g. X-
ray CT) and image-based modelling should be applied to fully understand the structure-
performance relationship for RFBs.  
Electrospinning is a highly versatile and tuneable technique that can produce high surface area 
carbon fibres for energy storage and conversion devices with controlled morphology. In many 
electrochemical devices, the structure-performance relationship is key to efficient operation, 
and as such ECNFs show great promise as a route to the optimisation of the microstructure for 
these applications – particularly where novel adaptations of the basic electrospinning process 
lead to materials with higher permeability than conventional ECNF mats, or a degree of 
alignment that promotes effective mass transport in a particular direction and improved 
electrical conductivity. In this review, the historical development and recent progress of 
electrospinning in RFBs, fuel cells, metal-air batteries and supercapacitors has been presented, 
with a wide range of electrospinning techniques leading to novel materials that show great 
promise in these electrochemical devices.  
In addition to the controlled microstructure, electrospinning allows a variety of polymers or 
metal precursors to be employed, leading to materials with catalytic activity for a range of 
redox reactions through doping of the carbon structure or embedded catalyst nanoparticles. 
Studies that apply these catalytic enhancements in tandem with optimised microstructure for 
mass transport (and with electrochemical testing that takes into account the mass transport 
effects), characterised with advanced X-ray imaging techniques and computational modelling, 
have produced the best results in recent years. It is recommended that future studies focus on 
both the activity and mass transport properties of electrospun materials, conducting testing in 
full cell devices where applicable to fully demonstrate their commercial potential, noting that 
static methods such as CV do not tell the whole picture. For this potential to be fully realised, 
scalable electrospinning using methods such as multiple spinnerets must be achieved to 
translate lab-scale progress to commercially relevant production rates. 
Finally, the petrochemically-derived polymers often used in electrospinning, particularly the 
most prevalent PAN, are beginning to be replaced by biomass-derived sustainable alternatives 
such as lignin. This not only has an environmental impact, but can also lead to increased 
functionality or microporosity of the fibre surfaces, improving performance in working 
electrochemical devices. Initial progress in this area is encouraging, with future work predicted 
to demonstrate that the materials employed in electrochemical devices of the future will 
themselves be sustainably sourced, leading to a fully green solution to the electrification of the 
transport and grid-scale storage sectors. 
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ADT accelerated degradation tests 
AFC alkaline fuel cell 
AC alternating current 
BET Brunauer-Emmett-Teller  
CF carbon felt 
CT computed tomography 
CV cyclic voltammogram 
DMF dimethyl formamide 
DC direct current 
eGDLs electrospun gas diffusion layers 
ECSA electrochemical surface area  
ECNF electrospun carbon nanofiber 
EDLC electric double layer capacitor 
EDS energy dispersive spectroscopy  
EE energy efficiency 
EIS electrochemical impedance spectroscopy 
eMPL electrospun equivalent microporous layer 
EOL ethanol organosolv lignin 
FIB focused ion beam  
GCD galvanostatic charge/discharge 
GDL/GDL gas diffusion layer  
HRSEM high resolution scanning electron microscopy 
HRTEM high resolution transmission electron microscopy  
HER hydrogen evolution reaction 
KL kraft lignin 
LBM lattice Boltzmann method 
LCNF lignin-derived carbon nanofibre 
LSV linear sweep voltammetry 
LRSEM low resolution scanning electron microscopy 
LRTEM low resolution transmission electron microscopy  
MEA membrane electrode assembly  
MIP mercury intrusion porosimetry 
MPL microporous layer 
OER oxygen evolution reaction  
ORR oxygen reduction reaction  
PL phosphoric acid lignin 
PGM platinum group metal  
PAN polyacrylonitrile 
PEI polyethyleneimine  
PI polyimide 
PMMA polymethyl methacrylate 
PS polystyrene 
PVA polyvinyl alcohol 
PVP polyvinylpyrrolidone 
PEMFC proton exchange membrane fuel cell  
PEMWE proton exchange membrane water electrolyser  
RFB redox flow battery 
RGO reduced graphene oxide 
SC Supercapacitor 
SEM scanning electron spectroscopy 
STEM scanning transmission electron microscopy  
SoC states of charge  
TEM transmission electron spectroscopy 
VRFB vanadium redox flow battery 
XPS X-ray photoelectron spectroscopy  
XRD X-ray powder diffraction 
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Graphical abstract  
 
Electrospinning is a versatile fabrication method for synthesising mesostructured nanofibrous 
mats and has been explored in this review for the following electrochemical energy storage 
devices: redox flow batteries, fuel cells, metal air batteries and supercapacitors. 
 
 
